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ABSTRACT
Described herein is the first enantioselective silylation based kinetic resolution of
monofunctional secondary alcohols to achieve useful levels of enantioselectivity. Using
commercially available reagents, the reaction conditions were optimized and found to
successfully resolve several secondary alcohols with high enantioselectivity.

It was

discovered that the nucleophilic isothiourea compound (-)-tetramisole, with Ph3SiCl as
the silyl source, gave superior results to other nucleophilic catalysts and was capable of
performing the kinetic resolution in as

little as 45 minutes using mild reaction

conditions. The structural and electronic characteristics of successful and less successful
substrates are also discussed.
Chapter three discusses mechanistic investigations and the characterization of the
reactive silylating compounds for the enantioselective silylation of monofunctional
secondary alcohols with (-)-tetramisole and other nucleophiles. Solid state and solution
based 1H and

29

Si NMR techniques were utilized as well as a modified 1H-29Si gHSQC

NMR technique. Evidence to support a tetravalent silicon intermediate between (-)tetramisole and Ph3SiCl is presented. Then, circular dichroism studies were performed
on some chiral silyl ethers to see if a nearby chiral center can cause the aryl groups to
favor a single helical conformation.
Chapter four presents the synthesis and structural characteristics of chiral 2pyridyloxazolidine and 2,6-pyridylbisoxazolidine compounds. These compounds were
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found to be viable ligands in the formation of metal complexes. Their ability to behave as
colorimetric sensors for chiral monofunctional alcohols and amines is also reported. In
addition, their use as an organocatalyst for the kinetic resolution of secondary alcohols by
enantioselective silylation is also discussed.
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Chapter 1. Introduction and Background
1.1 Introduction
The obtainment of enantiomerically pure compounds has been a major endeavor
in organic chemistry for the last several decades. The demand for these compounds is
driven mainly by their biological activity. These properties are exploited primarily in the
pharmaceutical industry where they are employed for their pharmacological properties.1, 2
Historically, chiral drugs were often sold as a racemate;1 however, it is often only one
enantiomer that possesses the desired biological activity, or shows much activity at all. It
is also noteworthy that in some cases, one enantiomer of the desired compound can have
the desired properties while its opposite enantiomer can have harmful or even fatal
effects. For example, (R,R)-chloramphenicol possesses antibacterial properties while its
enantiomer is inactive. However, (S,S)-Ethambutol has been used in the treatment of
tuberculosis,

while

the

enantiomer

1

causes

blindness1

(Figure

1.1).

Figure 1.1 The enantiomers of the commercially available drugs Chloramphenicol and
Ethambutol have undesired effects.1
Due to the potential negative effects of certain enantiomers, the USFDA requires
both enantiomers of a racemic drug to be analyzed for their potential pharmacological
effects.3 This requires the synthesis or separation of enantiomers even for screening
purposes. With these considerations in mind, there have been major research efforts by
many research groups to develop methods for the creation and isolation of homochiral
compounds. As a result of this research, many previously racemic drugs are now being
released as single enantiomer compounds, leading to formulations that are considerably
more pharmacologically active and require lower dosages, such as in the case of
Esomeprazole and Omeprazole (Figure 1.2).4 Several of the most common methods for
the procurement of enantiomerically enriched compounds will be discussed herein.

2

Figure 1.2 The enantiopure blockbuster drug Nexium was once sold as the racemate:
Prilosec

1.2 Methods for the obtainment of enantiomerically enriched compounds
1.2.1 Nature (‘the chiral pool’)
When looking for a specific enantiomer of a molecule, it is quite often that one
may need to look no further than nature. In fact, screening natural products for their
medicinal properties remains one of the most important methods for determining basic
pharmacores for modern drug discovery.5 The chiral building blocks of new biologically
active molecules can also be obtained from natural sources, but there are some major
limitations to this method. First,

ature’s chiral pool is limited and may not contain the

desired building block. It is also possible that nature makes the opposite enantiomer of
the needed chiral compound. Perhaps the est e ample o this is the act that most αamino acids found in nature are levorotary. However, it was discovered that dextrorotary
amino acids can have antibacterial properties when incorporated into peptides and small
molecules, which can lead to antimicrobial selectivity.6-8 Due to these properties, there
has been a large demand for D-amino acids in the production of a number of antibiotics
and other drugs such as Nateglinide, penicillins, Seromycin, and Alitame (Figure 1.3).9
Secondly, there is the potential that the demand for the natural product is much greater

3

than the supply. This can be exemplified by the production of the cancer drug Paclitaxel
(Taxol).

Figure 1.3 Some commercially available drugs with their D-amino acid fragment
highlighted in red.
Paclitaxel (Figure 1.4), which was originally obtained solely by extraction from
the Pacific yew tree Taxus brevifolia, was found to have potent anti-cancer activity.10
This property has led to the drug becoming a highly sought after natural product.
Although Paclitaxel is readily found in nature, it was reported to require 16,000 pounds
of bark to extract only 1 kg of Paclitaxel.11 This renders direct access to this product
unfeasible in the quantities required for commercial sale. As a result, other methods for
the production of Paclitaxel have since been developed.12 All of the above shortcomings
listed have led to the development of several other methods to synthesize chirally
enriched compounds.

4

Figure 1.4 Paclitaxel

1.2.2 Asymmetric Catalysis
One of the most common methods for the production of optically active
molecules is via asymmetric reactions.13-15 These reactions occur through the use of a
chiral catalyst to perform a reaction on a prochiral substrate resulting in enantiomerically
enriched chiral products. Asymmetric reactions are also some of the most common
methods to obtain enantiomerically enriched products. In this family of reactions, one of
the most well-known asymmetric reactions is the enantioselective epoxidation reaction
that was developed by the Sharpless group (Scheme 1.1).16-18 In this reaction, titanium
tetraisopropo ide was com ined with (−)-diisopropyl tartrate with tertbutoxide as an
oxidant to enantioselectively oxidize allylic alcohols giving enantiomerically enriched
epoxides.

Another important class of asymmetric reactions is the asymmetric

hydrogenation reactions developed by the Noyori group19-22 and Knowles et al22-25
(Scheme 1.2). In these reactions, rhodium and ruthenium metals are combined with
chiral phosphine ligands with H2 to reduce alkenes and carbonyls to give
enantiomerically enriched carbon centers. These asymmetric transformations were also
5

mentioned as the key reactions which led to Drs. Barry Sharpless,

ōji

o ori, and

William S. Knowles sharing the Nobel Prize in 2001. Undoubtedly, these reactions and
subsequent international recognition has brought even more attention to this already
nascent field.

Scheme 1.1 The general reaction scheme for the Sharpless asymmetric epoxidation
including the predicted product’s stereochemistr .

Scheme 1.2 Selected early examples of the Noyori (A and B) and Knowles (C)
asymmetric hydrogenation.
6

The advantage of using asymmetric reactions to procure enantiomerically
enriched compounds lies in its potential to achieve a yield of up to 100% with an
enantiomeric excess (ee%) of up to 100%. In a finely tuned system, a quantitative yield
of a single enantiomer can be obtained. Furthermore, one of the key goals of any
methodology is to minimize the catalyst loading. This method can use catalytic loadings
down to a fraction of a percent. Such low catalyst loadings, however, are found mostly in
the case of transition metal catalysts, as opposed to organocatalysts which frequently
require higher catalyst loadings.26 The main drawback of transition metal catalyzed
asymmetric reactions is the toxicity for some of the most common transition metals that
are used, and necessitating extensive purification to ensure removal of all transition metal
residue. If high ee%, yield, and low catalyst loading are found in the same system, this
would be an ideal system for the generation of enantiomerically pure compounds.
However, this is not often the case. As a result, either the yields or enantioselectivity
may not be good enough for the substrate being reacted.

Also, it is common in

asymmetric reactions that there is a need for achiral additives which can generate waste
byproducts that can be undesirable on a large, industrial scale.1 Therefore, despite all of
the advances in asymmetric catalysis over the past several decades there remains a
demand for alternative methods for procuring enantioenriched compounds.

1.2.3 Classical Resolution
One of the oldest methods for procuring a single enantiomer of a compound is
classical resolution. In this technique, a racemic compound, usually an amine or acid
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containing compound, is selectively crystallized by the addition of a chiral compound
that is usually the other half of the subsequent acid-base pair, to form a diastereomeric
salt. These diastereomers can then have very different solubility which can cause a
diastereomer to crystallize.

The diastereomers can then be easily converted to the

original compound that is now of high enantiopurity (Scheme 1.3). This technique is
commonly implemented in the pharmaceutical industry. However, there remain some
key limitations with this resolution method. First, it is currently very difficult to predict
what the optimal resolving agent, since there is no guarantee that the resulting
diastereomer salt or compound will crystallize in a selective manner. Therefore, the
method development strategy for identifying suitable resolution conditions involve
simple trial and error.2 Also, we are limited by the number of known and readily
available resolving agents.27

Another problem is the relatively small number of

functional groups that lend themselves to this method. For example, functional groups
such as alcohols are very difficult to resolve in this method. The other issue, which is
also a problem with most resolution techniques, is that, since we are starting with a
racemic mixture (and there is no interconversion between enantiomers), the highest yield
theoretically possible is 50%.

Scheme 1.3 Classical resolution of mendelic acid with (R)-1-phenylethylamine28
8

1.2.4 Kinetic Resolution
The final technique discussed herein is kinetic resolution. In this method, a
racemic substrate is reacted with a chiral catalyst or reagent that selectively reacts with
one enantiomer leaving the unreacted starting material enantiomerically enriched and,
depending on the type of kinetic resolution being performed, also gives an
enantioenriched product as well (Scheme 1.4).

This form of resolution can be

accomplished three different ways, each with their own drawbacks. One of the most
popular forms of kinetic resolution is enzymatic kinetic resolution. This form of kinetic
resolution most commonly involves using a natural enzyme to catalyze an
enantioselective reaction of a racemic substrate. This method has three main drawbacks,
the relatively high cost of enzymes, the limited pool of selective substrates and the
potential for solvent incompatibility with the substrate or the enzyme.

Scheme 1.4 Example of a kinetic resolution of a racemic secondary alcohol.
Another common kinetic resolution method is the use of enantioselective
transition metal catalysts. However, as mentioned before, one of the main drawbacks of
this method is the potential for residual toxic metal contamination of the desired products
or unreacted started materials. Finally, there are kinetic resolutions catalyzed by organic
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catalysts. This field is now well established, but it is still evolving. The key benefit of
organocatalyzed kinetic resolutions is the low toxicity of most of the catalysts used,
however, they usually require higher catalyst loadings.
The advantage and disadvantage of kinetic resolutions is in the dependence of
enantiomeric excess (ee) upon conversion (conv.). As the reaction proceeds (and conv.
increases), the ee o the starting material increases, and the ee o the product (ee’)
diminishes. This “tunea ilit ” o the ee% allows or the achievement o ver high ee’s
using reactions that have low or moderate enantioselectivity. In order to predict the
required amount of conversion that would be required to achieve a desired ee, there must
be a way to correlate ee and conv.. This value is called selectivity factor (s), which is
simply the ratio of the rates of the individual enantiomers (krel) (Equation 1.1). This also
happens to correlate to the ∆∆G‡ between the diastereomeric transition states of the
enantiomers in the selectivity-determining step and correlates to the selectivity factor as
well (Equation 1.1).29, 30
With a s =10, an ee of 98% is achievable with a conversion of 70%. For an ee of
99% the conversion falls only slightly to 28%.31, 32 When the selectivity factor increases
higher than 10, the resulting increase in enantiomeric excess at a given conversion
increases at smaller amounts as s approaches infinity. Therefore, a s ≥10 is o ten
considered the benchmark with which to determine if a reaction is efficient enough to be
practical.
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Equation 1.1 The relation between selectivity factor (s), rate, conversion (conv.), ee, and
∆∆G‡. R refers to the gas constant and T is temperature in kelvin.
Energeticall , the ∆∆G‡ required to reach a s
0.

kcal mol at -

10 is onl 1.

kcal mol at

C or

C. For comparison, the energ di erence etween an a ial and

equatorial methyl group on cyclohexane is 1.74 kcal/mol.33

With the relationship

between ee and conv. established, it now becomes possible to predict the required
conversion needed to get the desired ee (Table 1.1). The key drawback of this method is
the same as with classical resolutions, which is a maximum yield of 50%. However, this
can be overcome in the case of alcohols through the use of a tandem kinetic
resolution/Mitsunobu reaction such as seen in Scheme 1.5. One example of this can is
shown in work of the Anthonsen group, where the sequential acylation via enzymatic
kinetic resolution then inversion of the stereochemistry of the remaining starting material
via Mitsunobu reaction gave the desired chiral ester with 90% yield and ee% of 97%
(Scheme 1.5).34
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Table 1.1 The conversion required to achieve 90%, 95%, and 99% ee at a given
selectivity factor.

Scheme 1.5 The enzymatic acylation of a racemic secondary alcohol followed by a
Mitsunobu reaction to give high ee and a yield greater than the theoretical 50% maximum
yield.
With the advantage of a tunable ee and yields of up to 50%, kinetic resolution
methodology becomes an incredibly powerful means to achieve highly enantiomerically
pure molecules. This has led to the development of many different kinetic resolution
methodologies13,31,32,35 and with the potential for the use of lower toxicity
organocatalysts, has led the Wiskur group and other groups to target new
organocatalyzed kinetic resolution techniques.
12

1.3 Organocatalyzed Kinetic Resolutions of Secondary Alcohols by Lewis Bases

1.3.1 Organocatalyzed Enantioselective Acylation
The most common method type of organocatalyzed kinetic resolution of
secondary alcohols is by enantioselective acylation.36, 37 In these reactions, either a chiral
Lewis base or a chiral Lewis acid/achiral Lewis base system37 is used to generate a
diastereomeric transition state that proceeds at different rates in the acylation reaction. In
this report, the term organocatalysis is defined as a catalyst where the reaction center is,
either a nitrogen, sulfur, phosphorous, or carbon. It is possible that some organocatalysts
may contain a transition metal but the metal center is not part of the reaction center.
Reported herein will be a brief overview of some of the most important Lewis base
activated acylation reactions to date.
The general scheme for the kinetic resolution of secondary alcohols via
enantioselective acylation is shown in Figure 1.5. The catalytic cycle begins with the
nucleophilic acyl substitution by a chiral nucleophile, typically an anhydride or acyl
chlorides, to form an enantiomerically pure acyl donor complex. This activated acylating
compound will then undergo nucleophilic attack by a chiral secondary alcohol. Due to
the chiral nucleophile, one secondary alcohol will be preferentially acylated, releasing the
chiral catalyst and yielding enantiomerically enriched alcohol and ester.
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Figure 1.5 Catalytic cycle for the kinetic resolution of secondary alcohols via acylation.
The first example of a useful selectivity factor for an organocatalyzed
enantioselective acylation was reported by the Vedejs group.38 In this reaction, a chiral
phosphine (1.1) efficiently catalyzed the acylation of one enantiomer (Scheme 1.6) of the
racemic mixture of acyclic secondary alcohol 1.2 using m-chlorobenzoic anhydride as the
acyl source. This class of catalyst was later modified to give the more efficient catalyst
1.3. This catalyst was very effective at achieving high levels of enantioselectivity with
sterically hindered alcohols. Phosphine catalyst 1.3 can achieve selectivity factors in the
370-390 range at considerably shorter reactions times than 1.1 (Scheme 1.6). This high
value of s, as pointed out by the authors, has a high amount of potential error.39 In fact, a
s > 50 should be viewed as an estimate of what the real selectivity factor is. 39, 40 Despite
this, it is still common in the literature to report selectivity factors well over 50.
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Scheme 1.6 Kinetic resolution of secondary alcohols as described by the Vedejs group.
Shortly after the phosphine catalyst 1.1 was introduced, the same group developed
the chiral 4-dimethylaminopyridine (DMAP) based catalyst (1.5) which afforded a s ≤ 4
for a series of acyclic secondary alcohols with chloroformate 1.6 as the acyl source.41
Also reported was that the achiral Lewis acids ZnCl2 or MgBr2 and a nitrogenous base
such as Et3N was necessary (Scheme 1.7). This result represented the first application of
a chiral DMAP catalyst in the kinetic resolution of secondary alcohols. Due to the high
level of nucleophilicity of DMAP, this is noteworthy. Because of the nucleophilicity of
DMAP and the encouraging levels of selectivity achieved by the Vedejs group, there has
been extensive research into the synthesis of novel chiral DMAP based catalysts and their
use as chiral catalysts in kinetic resolutions.37,
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42

However, this system required

preformation of the active acylation complex, therefore, the system required
stoichiometric amounts of 1.5.

Scheme 1.7 The kinetic resolution of secondary aryl carbinols with the chiral DMAP
based catalyst 1.5.
At around the same time as the Vedejs group’s report, Fu and co-workers reported
the synthesis of a series of ferrocene containing planar chiral DMAP catalysts. This
family of catalysts was shown to achieve excellent selectivity factors and in some cases
results as high as a s =107 (Figure 1.7),46,47 and unlike the system described in Scheme
1.7, the catalyst developed by Fu required only catalytic quantities of their chiral DMAP
catalysts. In the example shown in Figure 1.6, the recovered alcohol (1.8) is an important
intermediate in the synthesis of epothilone A48 and the reaction was found to be
successful when performed on the gram scale. These catalysts have been used with many
different classes of substrates and have achieved useful selectivity factors for a majority
of these systems.37
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Figure 1.6 The planar chiral ferrocene catalysts developed by the Fu group and their
application as a acyl transfer catalyst.
Due to the high selectivity and efficiency that can be achieved by enzymes, there
has been an effort to use small peptides to mimic the active sites of enzymes for
enantioselective acylation.

This biomimetic approach to catalyst design has led to

another major class of organocatalysts, the peptide based or imidazole based catalysts.
This class, first reported by Miller and co-workers49 contained multiple intramolecular
hydrogen bonds to form a rigid chiral cavity with the right amount of rigidity. Then a
histidine or modified histidine acts as a nucleophilic catalyst for the activation of an acyl
source. Therefore, the nucleophilic center behaves as a modified chiral imidazole or Nmethylimidazole, which are common nucleophilic activators for this type of reaction, and
activates the acyl group in a chiral environment.
Miller’s group,50 discovered that the polypeptides 1.9-1.11 were selective as
catalysts in the activation of acetic anhydride in the kinetic resolution via acylation of
17

chiral alcohol 1.13 (Figure 1.7). In particular, catalyst 1.9 had a high selectivity and was
shown by NMR and x-ray crystallographic analysis to possess a ß-hairpin secondary
structure. Catalyst 1.9 was tested against 1.10, which did not possess a secondary
structure, was less structurally rigid than 1.9, and gave a selectivity factor that was
considerably lower. The importance of the rigidity of the catalyst structure was also
tested by incorporating a butyl linker in catalyst 1.11 which would have a more
conformationally defined macrocyclic structure.

The considerable decrease in the

selectivity of catalyst 1.11 strongly suggests that the catalyst must also retain some
flexibility for optimal selectivity. The small molecule 1.12 was used as a control and was
found to afford only racemic product (s = 1), suggesting that the chiral environment
generated by the catalyst plays a more important role then the point chirality of a specific
peptide.
In a range of studies,51 the octapeptide 1.9 was observed to give superior results to
almost all of the catalysts screened. The proposed mechanistic pathway52 (Figure 1.8),
involves the N-methylimidazole moiety activating the anhydride via nucleophilic acyl
substitution. Then the chiral alcohol is stabilized through a secondary interaction, most
likel h drogen onding or π-π stacking that orients the alcohol into position to the
correct stereoelectronic configuration to attack the activated carbonyl. It is presumably
this interaction that allows or trans er o chiralit

rom the pol peptide’s secondar

structure to alcohol. Once, the alcohol has been oriented into position through interaction
with the peptide backbone, the alcohol is then activated by the conjugate base of the
anhydride via general base catalysis to attack the acylated N-methylimidazole.
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Figure 1.7 Peptide based catalysts screened in the enantioselective acylation of 1.13.
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Figure 1.8 Proposed mechanism for the kinetic resolution of secondary alcohols with the
peptide based catalysts developed by the Miller group.
The final classes of chiral acylating organocatalysts that will be discussed are the
amidine and isothiourea based catalysts,53 whose first application in the field of acylation
based kinetic resolution was reported by the Birman group.54 Their initial catalyst (R)CF3-PIP (1.14) achieved a high level of selectivity for several substrates (Scheme 1.8).

Scheme 1.8 Enantioselective acylation with the chiral amidine catalyst 1.14.
It was reported that the system has the ability to resolve a number of substrates
except cyclic alcohols, and alcohols that lack aromatic rings. The mechanism that was
purposed also attempts to e plain wh the catal st needs a su strate with a π-system
(Figure 1.9). In their explanation, upon covalent attachment of the catalyst to the acyl
group, the subsequent cationic charge that forms on the aryl substituent of the catalyst
20

allows for a favorable cation-π and π-π stacking interaction with the π-system of the
substrate. This attractive interaction results in a preference for the (R)-alcohol due to
steric repulsion of the non-aryl substituent in the (S)-alcohol. In a subsequent study,55
calculations were performed on the (R)-CF3-PIP acyl complex and 1-phenyl ethanol in
the proposed transition state.

The assumption that the cation-π interaction was a

significant stabilizing influence on the conformation was supported by computational
studies. Between the two diastereomeric transition states, the calculated a ∆∆Grel = 5.7
kcal/mol (B3LYP/6-31G*). The (R) enantiomer was predicted to be the faster reacting
enantiomer. The energy difference in the diastereomeric transition states that incorporate
the (R) and (S) conformation was ∆∆Grel = 1.6 kcal/mol (B3LYP/6-31G*) when corrected
for solvent effects.

This value is in agreement with the 1.5 kcal/mol that can be

calculated for a selectivity factor of 12 from the kinetic resolution of 1-phenylethanol.

Figure 1.9 Proposed transition state for the enantioselective acylation by 1.14
Based on the assumption that e tension o the π-system enhance selectivity factor,
the (R)-CF3-PIP catalyst went through several generations of development (Figure 1.10).
During the exploration for more selective catalysts, the Birman group moved beyond the
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amidine based catalysts and found greater success with the isothiourea based catalysts.5658

These catalysts have achieved some of the best results to date for the acylation of

secondary alcohols with a variety of different substrates to date.59

Figure 1.10 The evolution of the amidine and isothiourea catalysts developed by the
Birman group.
An extension of this work was reported by the Deng and Fossey groups in which
a variation of the (R)-CF3-PIP catalyst was combined with a ferrocene based planar chiral
catalyst 1.15 (Figure 1.11).60 The new system gave an incredibly high selectivity factor
(a reported s = 1892) with only 2 mol% of catalyst. This represents, to the best of our
knowledge, the highest selectivity factor for the organocatalyzed kinetic resolution of
secondary alcohols. However, it is worth noting again that a value this high should be
viewed as an estimate.

Figure 1.11 Kinetic resolution of secondary alcohols via 1.15
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1.4 Conclusions
Due to the importance of chiral building blocks in the development of
pharmacologically active compounds, kinetic resolutions have become an important tool
for generating chirally pure. Although kinetic resolutions have been known for a long
time, there remains a need for developing new methodologies to meet the demand for
chiral molecules.

Among the types of kinetic resolutions, much interest in

organocatalyzed kinetic resolutions have been shown, due to their potential for lower
toxicity compared to transition metal catalysts, greater substrate tolerance, and lower
costs when compared to enzymatic kinetic resolutions. The substrate class of particular
interest to us was secondary alcohols.

While enantioselective acylation has been

extensively studied there has been very few examples of enantioselective silylation for
the resolution of chiral alcohols which is the primary focus of this thesis.
In the following chapters, the investigations undertaken by the Wiskur lab toward
the development of the organocatalyzed enantioselective silylation of secondary alcohols
will be discussed. A detailed examination of the catalysts, silyl sources, and reaction
conditions tested will be presented as well as investigations into the substrate scope.
Then, investigations into the mechanism of the enantioselective silylation will be
presented. In particular, 1H-29Si gHMQC NMR studies and
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Si solid-state NMR data

used in determining the structure (or nature) of the silylating species is will be discussed.
Finally, preliminary investigations into the transfer of chirality will be discussed as well
the origin of the transfer of chirality.
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Chapter 2. Kinetic resolution of secondary alcohols by enantioselective silylation

2.1 Introduction
In the last ten years, the field of kinetic resolution of alcohols via enantioselective
silylation has become an area of active research.1 The major advantages from this
methodology are the ease of separation of the resulting silyl ether from the enriched
starting material and the synthetic usefulness of the silyl ether products themselves.2
These factors provided an impetus for the development of new methodologies to achieve
enantiomerically enriched monofunctional secondary alcohols with selectivity factors of
at least 10, while using catalytic quantities of catalyst.
Both

transition

organocatalyzed

metal

techniques

catalyzed

have

been

kinetic
reported

resolution
to

methodologies

perform

resolutions

and
via

enantioselective silylation reactions. Although modest to high selectivity factors can be
achieved using either approach, most of the reported methodologies show major
limitations on either reaction conditions or substrate scope.

Reported herein is an

overview of all of the reported enantioselective silylation methodologies and the work
done towards development of the isothiourea based enantioselective silylation system
reported by the Wiskur group.3
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2.2 Transition metal catalyzed kinetic resolutions by enantioselective silylation
The transition metal catalyzed enantioselective silylation reactions were found to
be successful when relatively stable Cu(I) or Rh(I) were used as catalysts and moisture
and oxygen stable silanes were used as the silicon source. This mild and very effective
methodology, developed by the Oestreich group,4 achieved very high selectivity factors
for the enantioselective Si-O coupling reaction of alcohols to generate enantiomerically
enriched alcohols and silyl ethers through a dehydrogenative coupling (Scheme 2.1). The
Oestreich group has reported some of the highest selectivity factors ever achieved for any
silylation-based kinetic resolution organocatalyzed kinetic resolution.5

The major

drawback of this methodology is the relatively limited substrate scope which, and must
possess a nitrogenous donor (speci icall γ relative to the alcohol) facilitate for 2-point
binding of the substrate to the catalyst. Furthermore, a stoichiometric quantity of chiral
silane (2.1) is needed for the kinetic resolution process.

Scheme 2.1 The general reaction conditions for the enantioselective oxidative silane
coupling reaction developed by the Oestreich group.
The silylation-based kinetic resolution via dehydrogenative coupling was later
expanded to include achiral silanes and chiral monodentate ligands.6 In this system,
copper (I) chloride with a chiral TADDOL ligand was able to enantioselectively silylate
29

secondary alcohols with a selectivity factor of up to 35 (Scheme 2.2). Although this
procedure utilizes an achiral bis-3,5-xylyl silane (2.3), the substrate still needs to contain
a nitrogen donor atom.

Scheme 2.2 The enantioselective silane dehydrogenative coupling conditions utilizing
achiral silanes and chiral ligands as reported by the Oestreich group.
Based on experimental studies of chiral copper-based reducing agents7 and
computational studies, the Oestreich group has proposed a mechanism for the chiral
silane reaction.8

Upon addition of the chiral alcohol 2.2 to the metal center and

concomitant removal of dihydrogen, two diastereomeric chiral metal complexes form. A
chiral silane then interacts preferentially with one of the diastereomeric complexes which
is the enantioselective step (2.4). Finally, displacement of the attached alcohol gives the
enantiomerically enriched secondary alcohol and silyl ether (Figure 2.1). In order to be
catalytic, many of the early steps need to be reversible to allow release of the slower
reacting enantiomers. If chiral ligands are used, then the catalytic metal complex creates
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a chiral environment that selectively binds and activates one enantiomer of the alcohol
for silylation.

Figure 2.1 Catalytic pathway for the enantioselective Si−O coupling proposed
Oestreich group.

the

2.3 Organocatalyzed Enantioselective Silylation
The other type of catalyst that has been successfully employed in the silylation
based kinetic resolution of secondary alcohols are organocatalysts.

The first

enantioselective silylation-based kinetic resolution was reported by the Ishikawa group.9
In this report, the Ishikawa group developed novel guanidines as asymmetric catalysts for
the enantioselective silylation of cyclic monofunctional secondary alcohols with either
tertbutyldimethylsilyl chloride (T DMS−Cl) or triisoprop lsil l chloride (TIPS−Cl)
31

(Scheme 2.3).

Although this was a seminal report in its field, there were several

disadvantages in this technique. First, the highest selectivity factor was less than the
synthetically useful benchmark of 10. Also, the need for stoichiometric quantities of
chiral catalyst 2.5 and the six to ten day reaction time are major disadvantages of this
methodology. However, this report garnered much interest and instituted a new approach
to the preparation of enantiomerically enriched secondary alcohols using organocatalysts.

Scheme 2.3 The chiral guanidine based methodology that was reported by the Ishikawa
group.
Inspired by these results, the Hoveyda and Snapper groups applied a different
approach to the enantioselective silylation problem. Using the imidazole-based catalyst
2.6, that is reminiscent o Miller’s peptide-based acylation catalyst.10 the Hoveyda and
Snapper groups have developed very selective desymmetrization11 and kinetic resolution
routes for the preparation of enantioselective syn-1,2 and 1,3-diols.11,12

For the

desymmetrization of meso diols, catalyst 2.6 was the most selective for both cyclic and
acyclic substrates. Catalyst 2.6 enantioselectively mono-silylated syn-1,2 and 1,3-diols
with ee’s o up to 6% with high ields. However, the reactions required up to 5 days
(Scheme 2.4). This silylation methodology could utilize Et3SiCl and TIPS−Cl although
with lower yields and enantioselectivity.
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Scheme 2.4 Enantioselective desymmetrization of meso 1,2 and 1,3-syn diols with the
amino acid-based catalyst 2.6
The

desymmetrization

methodology

has

also

been

utilized

in

the

desymmetrization of syn-1,2,3-triols including the synthesis of a key chiral intermediate
used in the synthesis of Cleroindicins D, F, and C. Catalyst 2.6 was found to be effect for
the enantioselective silylation of a series of cyclic and acyclic meso 1,2,3-triols. Based
on the catal st’s di icult

in resolving 1,3-diols and success with 1,2,3-triols, it is

believed that the substrate scope must possess a 1,2-vicinal diol.

When the

enantioselective silylation methodology was applied to 1,2,3-triols, the optimal reaction
conditions were very similar to the desymmetrization of meso syn-1,2-diols (Scheme
2.5). The reaction tolerated higher temperatures however, on average, lower yields were
reported.

This reaction was also effective in the resolution of both primary and

secondary alcohols.
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Scheme 2.5 Enantioselective silylation of 1,2,3-syn triols with catalyst 2.6.
Cyclic 1,2,3-triols were also reported to be resolved and a silyl chloride of lesser
steric bulk (Et3SiCl instead of tBuMe2SiCl) was needed to achieve maximum efficiency.
Interestingly, the resulting silyl ether was preferentially formed enriched in the opposite
stereochemistry then then product with the acyclic 1,2,3-triols reported earlier (Scheme
2.6). For the enantioselective silylation of 1,2,3-triols, < 2% bissilylated product was
formed (1H NMR).

Scheme 2.6 Enantioselective silylation of cyclic 1,2,3-triol with 2.6 as catalyst
This enantioselective silylation methodology was also applied in the production of
a key chiral intermediate (2.7) in the total synthesis of Cleroindicin D, F, and C.13 In
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THF at -

C using Et3Si−Cl as the sil l source, 2.7 was synthesized in good yields and

good enantiomeric purity. With 2.7 in hand, the authors synthesized the D, F, and C
forms of Cleroindicin. Reportedly the D form was isolated with 45% overall yield (5
steps) and practically a single diastereomer was isolated (Scheme 2.7).

Scheme 2.7 The application of the Hoveyda-Snapper enantioselective silylation
methodology in the synthesis of Cleroindicin D, F, and C.
This enantioselective silylation methodology reported by the Hoveyda and
Snapper groups was then applied in the kinetic resolution of chiral alcohols. For chiral
acyclic syn-1,2-diols, the catalyst 2.6 was found to achieve a s > 50 in the installation of
the TBDMS group in the presence of iPr2EtN, in THF after 96 h. The most selective
substrates had smaller substituent (RS) equal H and the larger substituent (RL) equal acetal
or bulky alkyl group (isopropyl, cyclohexyl, or tertbutyl). This methodology represents
the highest level of selectivity achieved for an organocatalyzed enantioselective
silylation-based kinetic resolution.
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Scheme 2.8 The kinetic resolution of syn-1,2-diols developed by the Hoveyda and
Snapper groups using imidazole-based catalyst 2.6.
Recently, Hove da and Snapper’s sil lation methodology has been applied to the
regiodivergent reactions of racemic mixtures (RRRM).14 RRRM reactions are similar to
kinetic resolutions where a racemic mixture is enantioselectively reacted. However, in a
RRRM, both enantiomers are consumed to give two separable products with high
enantiomeric purity.

A RRRM resembles a parallel kinetic resolution, but RRRM

reactions use only a single reagent.15 In a RRRM, a chiral molecule with multiple
stereocenters reacts with both enantiomers of a chiral compound to form products that
can be separated. For an example of a parallel kinetic resolution, the seminal report of a
parallel kinetic resolution was reported by the Vedejs group16 in which a racemic mixture
of secondary alcohols were reacted with a pair of chiral DMAP derivatives (2.8 and 2.9).
In this case the chiral DMAP salt 2.8 preferentially reacted with the S enantiomer of the
secondary alcohol while 2.9 showed preference for the R enantiomer. The corresponding
carbonate products were isolated with high ee (or de) and high yields (95% combined
yield) (Scheme 2.9). In the reported RRRM by Hoveyda and Snapper, cyclohex-3-ene1,2-diol was enantioselectively silylated by 2.6 to give a mixture of products that can be
isolated with high yields and high enantiomeric excess.
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Scheme 2.9 The first reported parallel kinetic resolution (top) and the RRRM reported
by the Hoveyda and Snapper groups (bottom).
The key (and challenge) to achieving such high levels of enantioselectivity for
both parallel kinetic resolutions and RRRMs is to find conditions and reagents in which
both enantiomers react at the same rate. If the rate of reaction between the enantiomers
deviates from 1:1, a decrease in enantioselectivity is observed. This is believed to be due
to the increase of the relative rate of the undesired enantiomer leading to an increase in
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the relative concentration of the slower enantiomer, which will then compete with the
faster enantiomer for the chiral reagent and result in lower ee’s. This phenomenon was
observed by Hoveyda and Snapper while screening substrates with their enantioselective
silylation methodology as shown in Scheme 2.10. As shown in the bottom example,
when the product ratio deviates from a 50:50 ratio, a decrease in the enantioselectivity
was observed.

Scheme 2.10 Two substrates reported by Hoveyda and Snapper that gave different
product ratios and the effects upon enantiomeric excess.
The mechanism for this reaction is believed to be through a pre-organization of
the diol through hydrogen bonding to 2.6. It is believed that the sterics of the peptide
backbone of the catalyst would force the preferential binding of the diol so that the
smaller substitutent of the substrate would be positioned close to the nucleophilic center
of the catalyst (Figure 2.2). Then the T DMS−Cl is ound to the catalyst by the
nucleophilic, N-methylimidazole based moiety of the catalyst to form the activated
pentavalent silicon intermediate. The activated silyl chloride is formed close to the diol,
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allowing for one of the alcohols to easily attack the silicon, resulting in enantioselective
silylation of the alcohol.11, 12

Figure 2.2 The proposed transition state for the enantioselective silylation of 1,2-syn
diols by the bifunctional catalyst, 2.6.
In a similar approach of enantioselective silylation, the Tan group has applied
their reversible covalent bonding approach to bifunctional catalyst development17 to the
enantioselective silylation of secondary alcohols.17,

18

In this work, the Tan group

reported modest to great yields with good enantioselectivity on a number of cyclic mesodiols as well as 2,3-butane-diol using the amino acid derived catalyst 2.7 (Table 2.1).
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Table 2.1 The substrate scope reported for the enantioselective silylation of meso diols
with catalyst 2.7.

Their catalyst is believed to behave in a similar fashion to the Hoveyda and
Snapper catalyst, except the Tan group imidazole based catalyst utilizes a reversible
covalent bonding approach in an attempt to increase the rigidity of the catalyst-substrate
binding complex when compared to a hydrogen bonding based complex. The proposed
mechanism is shown in Figure 2.3. The reaction is believed to begin when the cyclic syn-
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1,2-diol displaces a molecule of methanol from the hemiacetal moiety of the catalyst
(2.7). The resulting covalently bound intermediate containing the meso diol (Figure 2.3,
structure A) is then silylated stereoselectively thereby desymmeterizing the cyclic diol.
Once stereoselectively bound, the contiguous alcohol is then free to be silylated. This
methodology is reported to work for Et3SiCl, tBuMe2SiCl, tBuPh2SiCl, and Ph2MeSiCl
as the silyl chloride source.

Figure 2.3 The proposed catalytic cycle for the desymmetrization of cyclic syn-1,2-diols
using the bifunctional catalyst 2.7 with Et3Si−Cl.
When this system is applied to a substrate containing both primary and secondary
alcohols a RRRM occurs.19 The product ratio between silylation of the primary and
secondary alcohols proved to be more difficult to control than in the methodology
reported by the Hoveyda and Snapper groups (Table 2.2, entry 2).14 This is presumably
due to the higher reactivity of the primary alcohol relative to the secondary alcohol.
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Thereby 2.9 and the undesired enantiomer of 2.9 forms first then 2.10 is formed. Due to
the potential for large deviations from the desired 50:50 ratio, to isolate 2.10 with high
enantiopurity, adding less Et3Si−Cl allowed or 2.9 to be isolated with high enantiopurity
(entry 1a and 1b).
Table 2.2 Reaction conditions and substrate screening of the RRRM silylation reported
by the Tan group

An interesting methodology for the enantioselective silylation of secondary
alcohols was reported by the Wiskur group. In this report,20 a Mukiyama aldol reaction is
performed through the addition of a silyl ketene acetal to an aldehyde in the presence of a
chiral cinchona alkaloid salt. Even though the ß-hydroxy ester was not generated in an
enantiomerically enriched form, the protected intermediate was found to be enriched
(Figure 2.4). This suggests that the reaction proceeded through a step wise mechanism
and that the chirality generating step is not the aldol step but rather the silylation step.
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Figure 2.4 Initial findings of the Wiskur group which suggest that the silylation step was
the enantiomerically enriching step.
What is particularly noteworthy is that the enantiomeric excess shows a
dependence upon conversion.

This strongly suggests that the reaction is not an

asymmetric reaction, but rather a kinetic resolution. Because the isolated ß-hydroxy ester
was found to be racemic when treated with TBAF, this suggests that the silylation step is
the enantiomerically enriching step. Also, since the initial step starts with an achiral
substrate, the product of the carbon-carbon bond forming step should not show a
dependence of enantiomeric excess on conversion. This also implies that the reaction
proceeds through a step-wise mechanism. To encompass these findings, the Wiskur
group proposes that the formation of the ß-alkoxy intermediate is first generated in a
racemic fashion, which forms a diastereomeric salt with the chiral quarternary
ammonium. This alkoxy now promotes the next Mukaiyama aldol reaction, becoming
silylated with the silicon from the second equivalent of silyl ketene acetal. One of the
diastereomeric salts react faster in this reaction over the other resulting in a kinetic
resolution. As the new product forms the diastereomeric salt is regenerated (Figure 2.5).
Un ortunatel , this reaction ailed to achieve high selectivit
43

actors (s ≤ . ), ut

presenting a situation where the selectivity determining step is not the carbon-carbon
bond forming step, but rather the silylation step, opens another approach to performing a
Mukiyama aldol reaction in which enantiomerically enriched products are desired.

Figure 2.5 The mechanism proposed by the Wiskur group for the generation of
enantiomerically enriched trimethylsilyl protected ß-hydroxy esters from the Mukiyama
aldol reaction catalyzed by a quaternary cinchona alkaloid salt.
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2.4 Identifying a selective catalyst for the enantioselective silylation of secondary
alcohols
Although there have been several reported methods for the enantioselective
silylation of secondary alcohols, the only report in which a selectivity factor greater than
2 for monofunctional secondary alcohols was obtained was by the Ishikawa group.9
However, this silylation technique suffers from stoichiometric catalyst loading, long
reaction times and low selectivity. Due to the paucity of efficient techniques for the
silylation of monofunctional secondary alcohols, the Wiskur group decided to investigate
new methodologies to fill this salient gap in the literature.
To begin our explorations into discovering a new silylation methodology, the
cinchona alkaloids were first explored as catalysts. They were selected due to their wellestablished precedence of catalyzing enantioselective reactions.21 However, because the
catalyst itself possesses a free alcohol, the catalyst itself was silylated to mitigate any
competitive silylation that may occur.

Therefore, the alcohol was protected as the

trimethylsilyl ether (Scheme 2.11). To measure the selectivity factor, the equations
described by Kagan and Fiaud were used.22 With several silylated cinchona alkaloids in
hand, the enantioselective silylation of 1-indanol (2.11) was performed with Et3N used as
the base and Me3SiCl in the presence of 4 Å molecular sieves (it was observed that using
activated molecular sieves gave better reproducibility, presumably due to eliminating any
adventitious water that may be present). When the cinchona alkaloids were used as
catalysts in THF at -78 oC with Me3SiCl, the reaction generated high conversion of
silylated indanol, but the recovered starting material had a low e.r. (Scheme 2.12).
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Scheme 2.11 Synthesis of Me3Si− derived cinchona alkaloids.

Scheme 2.12 Initial catalyst screening for the enantioselective silylation of 2.11 with the
trimethylsilyl derivatized cinchona alkaloids.
Due to the high conversion but low enantiomeric excess, it was decided to modify
reaction conditions to try to improve the enantiomeric ratio. The first condition that was
altered was the solvent. In this stud , the catal st CD−TMS was used to screen the
enantioselective silylation of 2.11.

Solvents of different polarities were screened
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(Scheme 2.12) in the presence of 2.11, Et3N, and Me3SiCl. It was observed that the
solvent had little effect on the enantioselective silylation of 2.11 with the chosen reaction
conditions. The same issue of high conversion with low enantioselectivity kept the
selectivity factors below 2.

Scheme 2.13 Testing the solvent effect on e.r. in the enantioselective silylation of 2.11
Although solvent seemed to play a minor role in determining the e.r. for the
enantioselective silylation of 2.11, it was then decided to determine if altering the base
pla ed an role. To test this e ect, CD−TMS, Me3SiCl and a series o
reacted in THF at -

ases were

C. Stericall hindered secondar and tertiary bases were used but

no major changes in the selectivity factors were observed.

Scheme 2.14 Screening bases for the enantioselective silylation of 2.11 with CD−TMS
and Me3SiCl
Although conversion was achieved for the enantioselective silylation of 2.11 with
Me3SiCl, low selectivity factors were achieved when screening reaction conditions for
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this reaction; it was thereby decided to screen the slightly more bulky Et3SiCl. The effect
of the base upon selectivity factor was then tested. Screening hindered and unhindered
secondary and tertiary bases with Et3SiCl gave significantly higher selectivity factors
than with Me3SiCl. Although Et3N (Table 2.3, Entry 1) still gave a selectivity factor of
less than 2, iPr2EtN gave the best result thus far with a selectivity factor of 4.0 (Entry 2).
When the secondary base iPr2NH was screened (Entry 3), there was little enantiomeric
enrichment and the same was also observed for the more sterically hindered base,
diisopropyl-3-pentylamine (iPr2NCH(CH2CH3)2) (Entry 4). The sterically demanding
bases 2,2,5,5-tetramethyl piperidine and the tertiary base 1,2,2,5,5-pentamethyl
piperidine gave modest improvements then what was observed thus far (Entry 5 and 6),
but the selectivity factor was inferior to iPr2EtN. Despite these improved results, the
benchmark of s = 10 remained elusive.
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Table 2.3 Testing bases for the enantioselective silylation of 2.11 with CD−TMS and
Et3Si−Cl.

To see if an improvement in selectivity factor can be achieved by switching from
cyclic to acyclic secondary alcohols, 1-phenyl ethanol and 1-phenyl-hept-2-yn-1-ol were
tested with the improved reaction conditions from Table 2.3, Entry 2. However both
substrates were found to show no conversion (Scheme 2.15). Perhaps this can be due to
the increased relative steric bulk caused by the increased bond angle of the chiral carbinol
center and the ability for the phenyl ring to freely rotate. The bicyclic secondary alcohols
contain a phenyl ring that is locked from freely rotating. Therefore, it would appear that
the reactive silicon intermediate is very sensitive to the steric environment near the chiral
alcohol.
49

Scheme 2.15 Testing acyclic alcohols with the improved reactions conditions in Table
2.3, Entry 2.
With the inability to improve the selectivity factor into an efficient range by
altering the base and solvent, other catalysts were then screened. Due to the catalytic
activity of tertiary amines in the enantioselective silylation of secondary alcohols with
Et3SiCl, several amine catalysts were chosen to be screened for their catalytic activity.
Among the catalysts tested was the chiral tertiary amine Brucine (Table 2.4, Entry 2)
which showed inferior selectivity to that of CD-TMS. Also, the chiral tertiary amine (S)nicotine (Entry 3) was found to asymmetrically catalyze the enantioselective silylation of
2.11 although with lower enantioselectivity. Interestingly, the N-heterocyclic carbene
(Entry 4) was found to catalyze the reaction, although this catalyst was not chiral and
therefore no ee was generated. However, this does show that chiral N-heterocyclic
carbenes may be a viable catalyst for the enantioselective silylation of secondary
alcohols. It was also discovered that the HCl salt of (-)-tetramisole and the free based
version, 2.12 (Entry 5 and 6 respectively), were effective at catalyzing the
enantioselective silylation of secondary alcohols and also generating enantiomeric excess.
However, when attempts at activating the protonated form of (-)-tetramisole by
deprotonating the isothiourea in situ a selectivity factor of only 2.2 was achieved. The
previous deprotonated isothiourea catalyst (2.12) was found to achieve a selectivity factor
as high as 4.1. Due to this promising result, it was then decided to optimize the reaction
conditions for the enantioselective silylation of 2.11 with the isothiourea catalyst 2.12.
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Table 2.4
Et3Si−Cl

Testing various catalysts for the enantioselective silylation of 2.11 with

.
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2.5 Optimizing reaction conditions for the enantioselective silylation of secondary
alcohols with (-)-tetramisole (2.12).
(-)-Tetramisole (2.12) was first identified as a nucleophilic asymmetric catalyst by
the Birman group for the asymmetric acylation of secondary alcohols.23 This catalyst and
other isothiourea and amidine based catalysts were found to be very effective at
achieving very high selectivity factors for a number of difficult substrates for acylation
based kinetic resolutions.24 In an unrelated report, the Kim group found that the bicyclic
amidine base 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) was a very effective catalyst for
the silylation of alcohols.

This was even true for the bulky silyl protecting group

tBuMe2SiCl.25 This gave us an impetus for investigating the reaction conditions for the
enantioselective silylation of 2.11 with (-)-tetramisole (2.12).
To begin our study, 2.11 was silylated with a series of silyl protecting groups with
2.12 as the catalyst and using DIPPA as the base (Table 2.5). The alkyl silyl chloride
Et3SiCl gave comparable results to that of the cinchona alkaloid series (Entry 1). When
phenyl substituents were introduced, there was a noticeable trend of increased
enantioselectivity (Entries 2-4) culminating with a selectivity factor of 8.6 for Ph3SiCl.
When the bulk of the silyl chloride was increased in the cases of tBuMe2SiCl and
iPr3SiCl (Entry 5 and 6 respectively) there was no observable conversion by 1H NMR.
Presumably, either the size of the silyl chlorides were too large to allow for the formation
of the active silylating species, or the resulting active silylating species was too large to
allow for alcoholysis.
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Table 2.5 The effect of different silyl substituents on the enantioselective silylation of
2.11 with 2.12.

To further optimize the reaction conditions, the base was changed to determine
what effect the base may have. When testing the effect of the base upon selectivity factor
for the enantioselective silylation of 2.11 with 2.12, bases which possess nucleophilic
character were avoided to prevent competitive pathways that would result in racemic
silylation. Therefore, the bases chosen were sterically congested. The least sterically
hindered of the bases, Et3N (Table 2.6, Entry 1) was found to be inferior to the more
sterically hindered bases iPr2EtN and DIPPA (Entry 2 and 3 respectively). When the
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concentration was reduced by half, there was a noticeable drop in the selectivity factor to
5.1 (Entry 4). The secondary amine 2,2,6,6-tetramethylpiperadine and the tertiary analog
1,2,2,6,6-pentamethylpiperadine (Entry 5 and 6 respectively) showed comparable levels
of selectivity however these results were still inferior to the branched alkyl bases DIPPA
and iPr2EtN. When the chiral ase (−)-sparteine was used (Entry 7), a substantial drop in
selectivity was observed. The previous catalysts CN-TMS and CD-TMS (Entry 8 and 9
respectively) were also employed as base/co-catalysts for the enantioselective silylation
of 2.11 and also gave lower selectivity factors than Entry 2 or 3. Although DIPPA and
iPr2EtN were found to give practically identical selectivity factors for 2.11, when other
substrates were used, it was observed that DIPPA gave consistently higher selectivity
factors. Therefore, DIPPA was chosen as the base for further screenings.
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Table 2.6 The effect of base upon the selectivity factor for the enantioselective silylation
of 2.11 with 2.12.
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To further optimize the reaction conditions, a series of solvents of different
polarities were tested in the enantioselective silylation reaction. When the solvent was
changed from THF to diethyl ether (Table 2.7, entry 2), there was no observable
conversion.

What may be occurring is the precipitation of the reactive silylating

intermediate between the catalyst and the Ph3SiCl. When CH2Cl2 was used as the solvent
(Entry 3) the selectivity factor fell to 2.8, and when toluene was the solvent (Entry 4),
there was a small decrease in the selectivity factor compared to THF.

When the

coordinating solvent DME was used (Entry 5), a noticeable decrease in selectivity to 4.7
was observed.

Interestingly, when DMF was the solvent only a small decrease of

selectivity was observed (Entry 6). This is mainly notable because DMF is known to
catalyze the silylation of secondary alcohols.26, 27 This suggests that 2.11 has a higher
catalytic activity than DMF and that the reaction is probably proceeding to completion
well before the full 20 h of reaction time.
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Table 2.7 Testing the solvent effect on the enantioselective silylation of 2.11.

Upon observing the result of performing the enantioselective silylation reaction in
DMF (Table 2.7, entry 6), the reaction was analyzed at different time intervals to
determine the optimal reaction time. It was observed that running the reaction with the
optimized conditions caused the enantioselective silylation of 2.11 to go to completion
between 30 minutes and 1 hour (Table 2.8). This represents a vast improvement over the
reported reaction times of other enantioselective silylation methodologies.1, 5, 6, 9, 12
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Table 2.8 Determining the length of the reaction for the enantioselective silylation of
2.11 with 2.12.

While investigating asymmetric acylation reactions it was observed by the Birman
group that the benzo- derivatives of their isothiourea catalysts were more selective in
most cases.24

It was therefore decided to use benzotetramisole and some other

derivatives of 2.12 as the catalyst for the enantioselective silylation of 2.11.
Unfortunately, the selectivity factor observed for benzotetramisole was found to be
inferior to 2.12 (Entry 1). The para- romo derivative o (−)-tetramisole (Entry 3) was
also tested as catalyst and interestingly, the selectivity was also inferior to that seen for
2.12. The optimized reaction conditions were also tried with the tertiary amine catalysts
previously tested. CD-TMS and brucine (Entry 4 and 5) and these catalysts gave far
inferior results. Without a catalyst present, the reaction was found to only go to 8%
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completion even after 45 h. In subsequent studies it was also discovered that the catalyst
loading can be lowered to 25 mol % without decreasing the selectivity factor. It is also
noteworthy that although the selectivity factor for 2.11 was less than the desired
selectivity factor of 10, a selectivity factor of 8.6 is, to the best of our knowledge, the
highest selectivity factor achieved for an organocatalyzed kinetic resolution of 2.11.
With these optimal conditions, it was then decided to move forward to test the substrate
scope with the optimal reaction conditions discovered thus far using 25 mol % of 2.12.
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Table 2.9 Testing other nucleophilic catalysts with the optimized conditions developed
for the enantioselective silylation of 1-indanol (2.11).
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2.6 Determining the substrate scope for the enantioselective silylation of secondary
alcohols with 2.12
With the optimal catalyst and reaction conditions determined for the
enantioselective silylation of monofunctional secondary alcohols, the substrate scope was
then tested to determine any steric and electronic effects that may influence the
selectivity factor (Table 2.10). First, the effect of the alkyl ring size was tested (Entry 2
and 3). In the case of tetralol (entry 2) the ring was increased from a 5 to a 6 membered
ring, and there was an improvement in the selectivity factor to 14. However, when the
ring size was increased to 7 in the case of benzosuberol (entry 3), there was a drop in the
selectivity factor to 4.9, which is lower than even 1-indanol. The tricyclic substrate 1acenaphthenol (entry 4) was also found to be inferior to 2.11 giving comparable
selectivity to that of benzosuberol. When the alkyl ring was substituted with oxygen in
the case of 4-chromanol (entry 5) a selectivity factor of 22 was observed. When the
heteroatom was sulfur in the case of thiochromanol (entry 6) the highest selectivity
factors to date were reported with a selectivity factor of 25.

When the tetralol core

possessed a methoxy substituent on the 7-position, (entry 7a) the selectivity factor
remained basically unchanged relative to tetralol. When substituted with a fluorine on
the 7-position (entry 7b) the selectivity dropped slightly to 11. This suggests that the
electron density of the aryl ring plays a minor role in determining the selectivity factor of
the enantioselective silylation. When the tetralol core was substituted with a 6-methoxy
substituent (entry 8), the reaction did not readily undergo deprotection with TBAF.
When TBAF was used for removal of the triphenylsilyl group, all that was recovered was
the dehydrated elimination product of the starting material (Figure 2.6). This result is
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presumably due to the donating effect of the methoxy group located in the para position
to the benzylic carbon. Therefore, it appears that a stabilized benzylic position (through
π-donation) can more readily undergo elimination. Further screening of electronic effects
of a thiophene derivative in place of the phenyl substitute has (Entry 9) gave a selectivity
factor close to that of tetralol.
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Table 2.10 Testing the substrate scope with the optimized reaction conditions for
enantioselective silylation with 2.12.
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To test the effect of sterics on the selectivity of the reaction, a dimethyl
substitution was made to 4-chromanol at the 2 and 3 positions (Entry 10 and 11
respectively).

When the dimethyl substituents were in the 2 position, there was a

diminishment in the stereoselectivity of the reaction. When the steric bulk was in the 3position, the reaction failed to convert at all. Therefore the reaction seems to be sensitive
to steric bulk, especially near the carbinol center.
When acyclic substrates were tested, the results were less selective (Entries 1217). The substrate 1-Phenylethanol (Entry 12) was found to be barely selective at all
while the more sterically hindered 2-methyl-1-phenylpropanol was more selective (Entry
13). Interestingly, the faster reacting enantiomer was the S enantiomer, which is the
opposite of what was observed for all of the previous substrates. This interesting result is
contrary to the initial assumption that the alkyl substituent would be the larger
substituent, because increasing the bulk of the alkyl substituent should not reverse the
enantioselectivity of the reaction. Unfortunately, when the alkyl substituent was further
increased in bulk, the system was presumably too bulky and no observable product was
formed, even after 48 h (Entry 14). When compared to 2.11, which takes roughly 30
minutes to complete, the slower reaction time of 1-phenylethanol lends further evidence
to the steric sensitivity of this system. The trimethylsilyl substituted propargylic alcohol
(Entry 15) shown gave nearly identical selectivity to that of Entry 12. To test if this new
methodology was also capable of differentiating solely based upon electronic effects, the
differentially substituted diphenylmethanol (4-chlorophenyl)phenylmethanol (Entry 16)
was subjected to the reaction conditions but unfortunately the reaction was completely
unselective, although there was a good level of conversion. Due to the paucity of
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techniques that can tolerate amine functionalities, Entry 17 was screened as well and
although the system was capable of giving acceptable levels of conversion, the reaction
showed identical selectivity to 1-phenylethanol.

Figure 2.6 The product observed from the deprotection of ((6-methoxy-1,2,3,4tetrahydronaphthalen-1-yl)oxy)triphenylsilane.
Due to the result observed from the deprotection of 6-methoxy tetralol, it would
therefore also seem logical to expect such an effect from 4-chromanol and potentially
thiochromanol (Entry 5 and 6 respectively). However, it has been noted that there
appears to be a relatively small ortho stabilizing effect in the cases of 4-chromanol and
thiochromanol.

In a stud

done

the O’Donoghue group in which the rates o

hydrolysis or 4-chromanol and thiochromanol were studied,28 it was observed that the
rates for these heterocyclic compounds were greatly diminished than when a methoxy
group was placed para to the benzylic alcohol. They suggest that the reason for this lack
of benzylic carbocation stabilizing ability was due to a stereochemically disfavored
conjugation of the endocyclic heteroatom with the benzylic cation.

2.7 Conclusion
Described heretofore are the developments in the active field of enantioselective
silylation with an in depth discussion of the contributions by the Wiskur group on their ()-tetramisole catalyzed methodology. In an effort to improve upon the seminal work
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done by the Ishikawa group with monofunctional secondary alcohols,9 the Wiskur group
has tested a number of catalysts and reaction conditions in an attempt to achieve a
synthetically useful selectivity factor (s ≥ 10). Although compara le results to the report
by the Ishikawa group were observed for the enantioselective silylation of 1-indanol
(2.11) with the trimethylsilyl derivatized cinchonidine catalyst, further optimization gave
better results. Through extensive testing of reaction conditions and catalysts, the optimal
conditions were described. With the optimal reaction conditions, the Wiskur group
reports3 achieving for the substrate 2.11 a selectivity factor of 8.6 with the reaction taking
place in less than one hour with only 25 mol% of catalyst. This is an improvement over
the only other report of an enantioselective silylation for 2.11 in which a selectivity factor
of 4.5 was achieved, but only after 6-10 days with a stoichiometric catalyst loading.
When this new methodology was expanded to other substrates, it was discovered that 1thiochromanol (Table 2.10, Entry 6) gave the highest selectivity factor (s = 25). The
system also shows sensitivity to sterics and when the ß-branching was equivalent to a
tertiary butyl in size, the reaction failed to give any conversion. Also observed was a
small electronic effect and that the system failed to achieve any usable selectivity with
acyclic benzylic secondary alcohols. Although the generation of chiral materials is one
of the objectives of this research, another major goal is to help in the understanding of the
origin of enantioselectivity in these silylation reactions. This topic was also pursued and
will be discussed in the subsequent chapter.
In addition to mechanistic investigations, further expanding the substrate scope to
include substrates that other reported methodologies are not selective for would increase
this methodologies utility. Substrates such as tertiary alcohols, for example, would place
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this enantioselective silylation methodology among only a few organocatalyzed
methodologies that are known to resolve this difficult class of functional group.29-31
Also, substrates that have biological significance would also be beneficial, such as
alcohol containing compounds that possess amines, such as amino alcohols. These amino
containing compounds are of particular interest due to their prevalence in manufactured
chemical compounds such as pharmaceuticals and agrochemicals.32 Other substrates of
particular interest would be hydroxy lactones and hydroxy lactams, particularly ßlactams, as these are ubiquitous functional groups found in nature.

The ß-lactam

functionality is particularly interesting as since amides have been known to catalyze the
silylation of alcohols these substrates should lower the selectivity of the silylation based
kinetic resolution.

However, although they are by definition a lactam, due to the

orthogonally of the nitrogen and carbonyl orbitals,33 the nucleophilicity of the amide
functionality is diminished.

Therefore, hydroxy lactams may lend themselves to

resolution by enantioselective silylation and thereby obtainment of enantiomerically
enriched lactams.

2.8 Experimental
All reactions were carried out under a dry N2 atmosphere in oven-dried glassware.
Dry dichloromethane (CH2Cl2), tetrahydrofuran (THF), N,N-dimethylformamide (DMF),
toluene (PhMe), diethyl ether, and dimethoxyethane (DME), were obtained by passing
the previously degassed solvents through activated alumina columns. Triethylamine
(Et3N) was distilled over CaH2 prior to use. Pyrrolidine was distilled over KOH prior to
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use. All chemicals were purchased from major suppliers such as Alfa Aesar, SigmaAldrich, TCI, or Acros. Unless otherwise stated all reagents were used as received
without further purification.

N-Butyllithium in hexanes was obtained from Sigma-

Aldrich and the concentration was determined from titration with N-benzylbenzamide.34
Molecular sieves were activated by heating to 170 °C for at least 48 hours prior to use.
1

H NMR spectra were recorded on a Varian Mercury/VX (400MHz). Chemical shifts

are reported in ppm with either TMS (0.00 ppm for 1H and 13C) or CDCl3 as the internal
standard (CDCl3: δ . 6 and

.0 ppm or 1H and 13C respectively). Data are reported as

follows: chemical shift, multiplicity (s =singlet, d = doublet, t = triplet, q = quartet, dd =
doublet of doublet, dt = doublet of triplets, dsep = doublet of septet, m = multiplet, br =
broad, ur = unresolved multiplet) and coupling constants (Hz).

13

C NMR spectra were

recorded on a Varian Mercury/VX (100 MHz) with complete proton decoupling.
Reactions were monitored by thin layer chromatography (TLC) using EMD chemicals
60F silica gel plates. Flash column chromatography was performed over silica gel (32-63
μm).

High resolution mass spectrometr

(HRMS) was performed by the mass

spectrometry facility at the University of South Carolina. IR data were obtained on a
Perkin Elmer Spectrum 100 FT-I

AT

spectrophotometer, νmax in cm-1.

All

enantiomeric ratios were determined by HPLC on an Agilent 1200 series using the chiral
stationary phases Daicel Chiralcel AD-H, OJ-H, or OD-H (4.6 ×

0 mm ×

μm)

columns, and monitored by DAD (Diode Array Detector) in comparison with authentic
racemic materials. Melting points (mp) were taken with a Laboratory Devices Mel-Temp
and were uncorrected. Optical rotations were obtained using a JASCO P-1010
polarimeter.
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Preparation of the catalysts (-)-tetramisole (2.12) and (-)-p-Bromotetramisole

(-)-Tetramisole HCl (200 mg, 0.83 mmol) or (-)-p-Bromotetramisole oxalate (147 mg,
0.394 mmol) was added to a 4-dram vial. The vial was then charged with 2 mL diethyl
ether and the suspension was then treated with 4 M NaOH and shaken until the solid
dissolved. The aqueous phase was then extracted with diethyl ether (4 x 3 mL). The
ethereal layer was then dried over anhydrous Na2SO4, filtered, then evaporated to dryness
to afford the white solids 2.12 (167 mg, 0.82 mmol, Yield 98%) or (-)-pBromotetramisole oxalate (91 mg, 0.32 mmol, Yield 82 %).

Synthesis of CD-TMS35

Compound 6 was synthesized in a similar procedure to the published
method.35 To an oven dried 50 mL RBF fitted with a Teflon coated
stir bar was added cinchonidine (1.0 g, 3.40 mmol). The flask was
then charged with 20 mL THF and treated with Et3N (0.59 mL, 4.24 mmol) and stirred at
0 °C. To the heterogeneous mixture was added TMS-Cl (0.60 mL, 4.73 mmol) and the
reaction was stirred for 21 h while warming to room temperature. The reaction was then
filtered and rinsed with diethyl ether. The filtrate was concentrated and purified via
column chromatography (9:1 MeOH (NH3 sat.) in ethyl acetate followed by 4:1 MeOH
(NH3 sat.) in ethyl acetate) to yield product 6 as a white solid (1.01g, 2.75 mmol, Yield
81%).
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1

H NMR (400 MHz, CDCl3) δ ppm . 6 (d, J = 4 Hz, 1 H), 8.13-8.09 (m, 2 H), 7.69 (dt,

J = 7.5, 1.0 Hz, 1 H), 7.57 (dt, J = 7.5, 1.0 Hz, 1 H), 7.48 (br, 1H), 5.72-5.63 (m, 2 Hz),
4.90 (d, J = 17.0 Hz, 1 H), 4.85 (d, J = 10.0 Hz, 1 H), 3.40 (ur, 1 H), 3.06 (t, J = 12.5 Hz,
1 H), 2.98 (ur, 1 H), 2.68-2.56 (m, 2 H), 2.22 (ur, 1 H), 1.77-1.65 (m, 3 H), 1.51-1.44 (m,
2 H), 0.01 (s, 9H). 13C NMR (101 MHz, CDCl3) δ ppm 1 0.0, 14 . , 14 .1, 141. , 1 0. ,
128.7, 126.4, 125.2, 123.1 (br), 118.3 (br), 114.0, 72.6 (br), 61.2, 57.1, 42.87, 39.9, 27.8,
27.4, 20.3 (br), 0.03.

Synthesis of 3,3-dimethylchromanone36
A 50 mL RBF fitted with a Teflon coated stir bar and containing
potassium tert-butoxide (475 mg, 4.23 mmol), was charged with 16 mL
THF and stirred vigorously at -78 °C. A solution of 4-chromanone (0.3 mL, 1.61 mmol),
and iodomethane (0.74 mL, 11.9 mmol) in 2.2 mL THF was then added in three portions
to the cooled solution and left to react for 2 h. Then a solution of additional potassium
tert-butoxide (177 mg, 1.57 mmol) in 2 mL THF was added to the orange reaction
mixture and the reaction was allowed to warm to room temperature and stir for 19 h. at
which time a white precipitant appeared and the reaction turned clear yellow. The
reaction mixture was then filtered through celite and concentrated down. The crude oil
was purified via column chromatography (silica gel, 1:1 hexanes: CH2Cl2 to 100%
CH2Cl2) yielding a pale yellow oil (252 mg, 1.43 mmol, Yield 89 %). 1H NMR (400
MHz, CDCl3) δ ppm .

(dd, J = 8.0, 1.5 Hz, 1 H), 7.43 (dt, J = 7.5, 1.5 Hz, 1 H), 6.99,

(t, J = 6.0 Hz, 1 H), 6.93 (d, J = 8.0 Hz, 1 H), 4.12 (s, 2 H), 1.18 (s, 6 H). 13C NMR (101
MHz, CDCl3) δ ppm 1

.1, 161.0, 1

.4, 1

.6, 1 1. , 11 .4, 11 . , 6. , 41. , 0. .
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Synthesis of 2,2-dimethylchroman-4-one37
To a 100 mL 3-neck flask containing 2-hydroxyacetophenone (3.96 mL,
32.9 mmol), a Teflon coated stir bar, and 4 Å MS was charged 30 mL
PhMe. The solution was then treated with acetone (6.04 mL, 82.3 mmol) followed by the
addition of pyrrolidine (3.17 mL, 38.2 mmol) over 10 minutes. The reaction was stirred at
room temperature for 4 h during which time the reaction turned a deep purple. It was then
stirred at reflux for 20 h. The reaction was cooled to room temperature and washed with 4
N HCl (40 mL). The organic layer was then washed with 2 N NaOH (40 mL) followed by
water (30 mL). The organic layer was dried over Na2SO4, filtered and concentrated to
give a brown oil which solidified upon standing. The solid was rinsed with cold absolute
ethanol then dried under vacuum to yield a yellow solid (1.35 g, 7.7 mmol, Yield 23%).
1

H NMR (400 MHz, CDCl3) δ ppm .

(d, J = 7.5 Hz, 1 H), 7.46 (t, J = 8.0 Hz, 1 H),

6.97 (t, J = 7.5 Hz, 1 H), 6.92 (d, 8.0 Hz, 1 H), 2.72 (s, 2 H), 1.46 (s, 6 H).
(101 MHz, CDCl3) δ ppm 1

. ,1

. , 1 6.1, 1 6.4, 1 0.6, 1 0.1, 11 . ,

13

C NMR
.1, 4 . ,

26.5.

General procedure for the reduction of ketones (GP1)

To a 4-dram vial fitted with a Teflon coated stir-bar was added the ketone and absolute
ethanol to a concentration of 1 M. The solution was treated with NaBH4 and stirred at
room temperature overnight. The reaction mixture was then quenched with 3 mL H2O,
then 3 mL brine, and extracted with EtOAc (4 x 3 mL). The organic layers were
combined, dried over Na2SO4, filtered, and then evaporated to dryness. The resulting
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residue was usually pure enough that filtration through a plug of silica gel was all that
was required. This was done by dissolving the crude in 2 mL diethyl ether and pushed
through a plug of silica gel. The silica gel was then rinsed once more with 2 mL diethyl
ether to give the desired alcohol. If further purification was necessary, column
chromatography (silica gel, CH2Cl2 followed by 2% MeOH in CH2Cl2) was performed
without filtering through silica gel first.

Preparation of rac-benzosuberol38
According to GP1, benzosu erone ( 00 μL, . 4 mmol) was treated with
NaBH4 (126 mg, 3.34 mmol) giving a white solid (529 mg, 3.26 mmol,
Yield 98%). 1H NMR (400 MHz, CDCl3) δ ppm .44 (d, J = 4 Hz, 1 H), 7.23-7.13 (m, 2
H), 7.10 (d, J = 4.0 Hz, 1 H), 4.94 (d, J = 4.0 Hz, 1 H), 2.92 (dd, J = 14.0, 5.5 Hz, 1 H),
2.72 (ddd, 14.4, 10.0, 1.5 Hz, 1 H), 2.07-1.93 (m, 2 H), 1.85-1.75 (m, 4 H), 1.49-1.45 (m,
1 H). 13C NMR (101 MHz, CDCl3) δ ppm 144. , 140. , 1

.4, 1 6. , 1 6.0, 1 4. ,

. ,

36.5, 35.7, 27.7, 27.5.

Preparation of rac-2,2-dimethylchroman-4-ol39
According to GP1, 2,2-dimethylchroman-4-one (257 mg, 1.46 mmol) was
reacted with NaBH4 (110 mg , 2.92 mmol) giving a pale yellow liquid
(238.2 mg, 1.34 mmol, Yield 92%). 1H NMR (400 MHz, CDCl3) δ ppm .44 (d, J = 9.0
Hz, 1H), 7.17 (dt, J = 7.5, 1.5 Hz, 1 H), 6.91 (dt, J = 7.0, 1.0 Hz, 1 H), 6.78 (d, J = 9.0
Hz, 1 H), 4.83 (dd, J = 8.5, 6.0 Hz, 1 H), 2.15 (dd, J = 19.5, 7.0 Hz, 1 H), 1.84 (dd, J =
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22.5, 5 Hz, 1 H), 1.43 (s, 3 H), 1.30 (s, 3 H). 13C NMR (101 MHz, CDCl3) δ ppm 1

.1,

129.2, 127.5, 124.2, 120.2, 117.1, 75.2, 63.6, 42.6, 28.9, 25.9.

Preparation of rac-3,3-dimethylchroman-4-ol
According to GP1, 3,3-dimethylchroman-4-one (214 mg, 1.21 mmol)
was reacted with NaBH4 (104 mg, 2.76 mmol), giving a white solid (163
mg, 0.92 mmol, Yield 76%). mp range = 66-67 °C 1H NMR (400 MHz, CDCl3) δ ppm
7.28 (dd, J = 7.5, 1.0 Hz, 1 H), 7.17 (t, J = 7.5 Hz, 1 H), 6.90 (dt, 7.0, 1.0 Hz, 1 H), 6.80
(dd, 8.0, 0.5 Hz, 1 H), 4.18 (s, 1 H), 3.92 (d, J = 10.5 Hz, 1 H), 3.71 (dd, J = 10.5, 1.0 Hz,
1 H), 2.08 (br, 1 H), 1.00 (s, 3 H), 0.92 (s, 3 H).

13

C NMR (101 MHz, CDCl3) δ ppm

153.4, 129.7, 129.3, 123.9, 120.6, 116.3, 72.1, 71.5, 33.2, 22.4, 19.3. HRMS (ESI) (M+)
Calculated for (C11H14O2+): 178.0988 Observed: 178.0994. IR (neat, cm-1): 3195 (br),
2965, 1610, 1584, 1487, 1226, 1038, 1019, 753.

Preparation of rac-7-methoxytetralol40
According to GP1, 7-methoxytetralone (300 mg, 1.70 mmol) was
reacted with NaBH4 (129 mg, 3.4 mmol), to yield a clear colorless oil
(303 mg, 1.70 mmol, Yield >99%). 1H NMR (400 MHz, CDCl3) δ ppm .00 (d, J = 8.0
Hz, 1 H) 6.97 (d, J = 3.0 Hz, 1 H), 6.76 (dd, J = 8.0, 2.5 Hz, 1 H), 4.71 (J = 4.5 Hz, 1 H),
3.78 (s, 3 H), 2.77- 2.70 (m, 1 H), 2.67-2.60 (m, 1 H), 2.04- 1.80 (m, 3 H), 1.77-1.70 (m,
1 H). 13C NMR (101 MHz, CDCl3) δ ppm 1
55.2, 32.3, 28.3, 19.1.
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. ,1

. ,1

. ,1

.0, 114. , 11 . , 6 .4,

Preparation of rac-thiochroman-4-ol41
According to GP1, thiochroman-4-one (500 mg, 3.0 mmol), was treated
with NaBH4 (115 mg, 3.0 mmol) to yield a pale yellow solid (498 mg, 3.0
mmol, Yield 98%). 1H NMR (400 MHz, CDCl3) δ ppm . 1 (d, J = 9.0 Hz, 1 H), 7.147.12 (m, 2 H), 7.08-7.04 (m, 1 H), 4.79 (br, 1 H), 3.14 (dt, J = 27.0, 12.5, 3.0 Hz 1 H),
2.88-2.83 (m, 1 H), 2.37-2.31 (m, 1 H), 2.08-2.00 (m, 1 H), 1.92 (br, 1 H).
(101 MHz, CDCl3) δ ppm 1 4. , 1

.1, 1 0. , 1

13

C NMR

.4, 1 6. , 1 4. , 66.4, 29.9, 21.4.

Preparation of rac-7-Fluorotetralol
According to GP1, 7-fluorotetralone (500 mg, 3.05 mmol) was reacted
with NaBH4 (230 mg, 6.09 mmol), to yield a clear colorless oil (506 mg,
3.05 mmol, Yield >99%). 1H NMR (400 MHz, CDCl3) δ ppm .14 (d, J = 9.5, 1 H) 7.04
(dd, J = 14.0, 5.5 Hz, 1 H), 6.88 (dt, J = 8.4, 2.8 Hz, 1 H), 4.72 (t, J = 4.5 Hz), 2.76-2.73
(m, 1 H), 2.71-2.67 (m, 1 H), 2.02-1.75 (m, 5 H). 13C NMR (101 MHz, CDCl3) δ ppm
162.4-160.0 (d, J = 241.3 Hz), 140.7, 132.4, 114.6, 114.4, 68.1, 32.2, 28.4, 19.1. HRMS
(ESI) (M+) Calculated for (C10H11FO+): 166.0788 Observed: 166.0789 IR (neat, cm-1):
3316 (br), 2937, 1677, 1613, 1492, 1247, 1222, 873, 806

General procedure for the gas chromatographic method for determining conversion
from the silylation based kinetic resolution of secondary alcohols.

To an oven dried 1 dram vial with activated 4 Å molecular sieves (20-25 mg) was fitted
an oven dried Teflon coated stir bar. To the vial was added 1-indanol (30 mg, 0.22
mmol), 4-bromobiphenyl (10.5mg, 0.45 mmol) and catalyst (25.5 mg, 0.125 mmol) then
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quickly sealed under dry N2. The vial was then charged with 1.6 mL THF to generate a
0.3 M solution and the solution was treated with base (0.3 mmol) and cooled to -78 °C in
a crycool apparatus for about 30 minutes. The cooled solution was then treated with a
1.19 M solution of silyl chloride in the reaction solvent and left to react for the specified
amount of time at -

°C. The reaction was then quenched with

0 μL MeOH and

poured into a 4-dram vial containing 1.5 mL sat. aqueous NH4Cl and extracted with
diethyl ether (3 x 5 mL), the ethereal layer was then dried over sodium sulfate. After
filtration and removal of solvent, the residue was analyzed by gas chromatography and
conversion was calculated based on the area of the 4-bromobiphenyl to the unreacted
starting material.

Then the residue was purified by silica gel chromatography (1:1

hexanes:CH2Cl2 followed by 2% MeOH in CH2Cl2) and the unreacted alcohol was then
analyzed by HPLC with a chiral stationary phase.

General procedure for the silylation based kinetic resolution of secondary alcohols
and desilylation of the isolated products.

To an oven dried 1 dram vial with activated 4 Å molecular sieves (20-25 mg) was fitted
an oven dried Teflon coated stir bar. To the vial was added the racemic substrate (0.5
mmol) and catalyst (25.5 mg, 0.125 mmol) then quickly sealed under dry N2. The vial
was then charged with 1.6 mL THF to generate a 0.3 M solution and the solution was
treated with base (0.3 mmol) and cooled to -78 °C in a crycool apparatus for about 30
minutes. The cooled solution was then treated with a 0.357 M solution of silyl chloride
in the reaction solvent and left to react for the specified amount of time at -78 °C. The
reaction was then quenched with

0 μL MeOH and poured into a 4-dram vial containing
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1.5 mL sat. aqueous NH4Cl and extracted with diethyl ether (3 x 5 mL), the ethereal layer
was then dried over sodium sulfate. After filtration and removal of solvent, the residue
was purified by silica gel chromatography (1:1 hexanes:CH2Cl2 followed by 2% MeOH
in CH2Cl2). The unreacted alcohol was then analyzed by HPLC with a chiral stationary
phase.

The purified silyl ether was dissolved in 3 mL THF and fitted with a Teflon coated stir
bar. The solution was treated with 1.6 mL TBAF (1 M in THF) and stirred at ambient
temperature for 10 h. The reaction was quenched with brine and extracted with diethyl
ether (3 x 3 mL) and dried over silica gel. After filtration and removal of solvent, the
crude was purified by silica gel chromatography (CH2Cl2 to 2% MeOH in CH2Cl2).

The absolute stereochemistry for Table 2.10, Entry 7b was ascertained by comparing the
observed specific rotation to the listed literature reference. The absolute configurations
of the remaining enantioenriched alcohols were assigned by comparison to literature
references. By using the same separation technique (same HPLC chiral column and
separation conditions) the configuration was assigned by comparison with the known
retention times and order of elution

Table 2.10, Entry 1: Recovered starting material: 30 mg, 44% 1H NMR
(400 MHz, CDCl3) δ ppm .41 (d, J = 4 Hz, 1 H), 7.27-7.23 (m, 3 H), 5.23
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(t, 6.0 Hz, 1 H), 3.05-3.02 (m, 1 H), 2.86-2.80 (m, 1 H), 2.51-2.46 (m, 1 H), 1.97-1.91
(m, 2 H). 13C NMR (101 MHz, CDCl3) δ ppm 144. , 14 . , 1

. , 1 6. , 1 4. , 1 4.1,

76.4, 35.9, 29.7.

The HPLC separation conditions and subsequent stereochemical assignment was
determined from the literature:42 Chiralpak OD-H column, 4% iPrOH in hexane, flow
rate: 0.5 mL/min, 25 °C; tR 23.1 min for (S)-enantiomer (major) and tR 27.0 min for (R)enantiomer (minor). (er = 92:8)

Table 2.10, Entry 1: Major product: 99 mg, 50%, white solid. mp
range = 63-64 °C. 1H NMR (400 MHz, CDCl3) δ ppm .60 (d, J = 12.0
Hz, 6 H), 7.34-7.25 (m, 9 H), 7.08-7.02 (m, 4 H), 5.36 (t, 6.0 Hz, 1 H), 2.92-2.85 (m, 1
H), 2.61-2.53 (m, 1 H), 2.19-2.11 (m, 1 H), 2.01-1.92 (m, 1 H).
CDCl3) δ ppm 14 .0, 14 . , 1

. , 1 4.6, 1 0.0, 1

36.2, 29.7.Optical Rotation [α]25

D

. ,1

13

C NMR (101 MHz,

.7, 126.3, 124.6, 124.4, 77.4,

= + 27.2 (c = 0.98, CHCl3) HRMS (ESI) (M+)

Calculated for (C27H24SiO+): 392.1591 Observed: 392.1587. IR (neat, cm-1): 3068, 2933,
1960, 1890, 1824, 1589, 1477, 1427, 1113, 1070, 985, 737, 707.

HPLC data is of the desilylated and purified alcohol product using the same HPLC
conditions as the recovered starting material. (er = 21:79)
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Kinetic Resolution Data for Table 2.10, Entry 1
#

erSM

erPra

C%

s

1

87:13

89:11

56.4

7.6

sAVG

8.6
2

92:8

79:21

59.6

9.5

3b

81:19

21:79

52.1

6.8

a) erPr % is of the deprotected and purified product b)
done on a 1.5 g scale

Run 3

was

Procedure for the large scale silylation based kinetic resolution of 1-indanol (Table
2.10, Entry 1).

To an oven dried 250 mL round bottom flask with activated 4 Å molecular sieves (200250 mg) was fitted an oven dried Teflon coated stir bar. To the flask was added 1indanol (1.5 g, 11.2 mmol) and catalyst (571 mg, 2.79 mmol) then quickly sealed under
dry N2. The vial was then charged with 37 mL THF and the solution was treated with
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N,N-diisopropyl-3-pentylamine (1.2 mL, 6.71 mmol) and cooled to -78 °C in a crycool
apparatus for about 45 minutes. The cooled solution was then treated with a 0.357 M
solution of Ph3SiCl in THF (18.8 mL, 6.7 mmol) and left to react for 2 h at -78 °C. The
reaction was then quenched with 5.5 mL MeOH and treated with 23 mL sat. aqueous
NH4Cl and extracted with diethyl ether (3 x 20 mL), the ethereal layer was then dried
over silica gel. After filtration and removal of solvent, the residue was purified by silica
gel chromatography (1:1 hexanes:CH2Cl2 followed by 2% MeOH in CH2Cl2) yielding a
pale yellow oil (2.26g, 52%) and unreacted starting material as a white solid (0.677 g,
45%). The unreacted alcohol was then analyzed by HPLC with a chiral stationary phase.

In a 4-dram vial, purified silyl ether (76.0 mg, 0.2 mmol) was dissolved in 3 mL THF and
fitted with a Teflon coated stir bar. The solution was treated with 1.6 mL TBAF (1 M in
THF) and stirred at ambient temperature for 10 h. The reaction was quenched with brine
and extracted with diethyl ether (3 x 3 mL) and dried over silica gel. After filtration and
removal of solvent, the crude was purified by silica gel chromatography (CH2Cl2 to 2%
MeOH in CH2Cl2) to yield a white solid (11.1 mg, 43%).

The HPLC separation conditions and subsequent stereochemical assignment for
recovered starting material of the gram scale reaction of 1-indanol was determined from
the literature:8 Chiralpak OD-H column, 4% iPrOH in hexane, flow rate: 0.5 mL/min, 25
°C; tR 22.9 min for (S)-enantiomer (major) and tR 26.5 min for (R)-enantiomer (minor).
(er = 81:19)
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HPLC data is of the desilylated and purified alcohol product from the gram scale reaction
of 1-indanol (Table 2.10, entry 1) using the same HPLC conditions as the recovered
starting material. (er = 21:79)
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erSM%

erPr%a

C%

s

81:19

21:79

52.1

6.8

a) erPr % is of the deprotected and purified product

Table 2.10, Entry 2: Recovered starting material: 35 mg, 48% 1H NMR
(400 MHz, CDCl3) δ ppm .44-7.23 (m, 1 H), 7.21-7.18 (m, 2 H), 7.12-7.09
(m, 1 H), 4.78 (t, 5.0 Hz, 1 H), 2.87-2.70 (m, 2 H), 2.02-1.74 (m, 5 H). 13C NMR (101
MHz, CDCl3) δ ppm 1

. ,1

. ,1

.6, 1

. , 1 6.1, 6 .1,

. ,

.1, 1 . .

The HPLC separation conditions and subsequent stereochemical assignment was
determined from the literature:41 Chiralpak OD-H column, 4% iPrOH in hexane, flow
rate: 0.5 mL/min, 25 °C; tR 18.8 min for (S)-enantiomer (major) and tR 21.0 min for (R)enantiomer (minor). (er = 88:12)

82

Table 2.10, Entry 2: Major product: 106 mg, 52%, white solid. mp
range = 74-75 °C. 1H NMR (400 MHz, CDCl3) δ ppm .

(d, J = 4.0

Hz, 6 H), 7.50-7.41 (m, 9 H), 7.34 (d, J = 8.0 Hz, 1 H), 7.22-7.11 (m, 3 H), 5.04 (t, 6.0
Hz, 1 H), 2.93-2.86 (m, 1 H), 2.77-2.69 (m, 1H), 2.15-2.09 (m, 1 H), 2.01-1.88 (m, 2 H),
1.76- 1.70 (m, 1 H).

13

C NMR (101 MHz, CDCl3) δ ppm 1 8.9, 137.0, 135.5, 134.8,

129.9, 128.7, 128.6, 127.7, 127.0, 125.6, 70.2, 32.5, 29.0, 19.1. Optical Rotation [α]25 D
= + 15.3 (c = 1.00, CHCl3) HRMS (ESI) (M+) Calculated for (C28H26SiO+): 406.1747
Observed: 406.1747. IR (neat, cm-1): 3066, 2998, 1963, 1892, 1827, 1775, 1588, 1427,
1350, 1113, 1062, 1010, 984, 736, 697.

HPLC data is of the desilylated and purified alcohol product using the same HPLC
conditions as the recovered starting material. (er = 14:86)
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Kinetic Resolution Data for Table 2.10, Entry 2
#

erSM%

erPr%a

C%

s

1

88:12

85:15

51.7

13

sAVG

14
2

89:11

86:14

52.2

14

a) erPr % is of the deprotected and purified product

Table 2.10, Entry 3: Recovered starting material: 33 mg, 40%. 1H NMR
(400 MHz, CDCl3) δ ppm .44 (d, J = 4 Hz, 1 H), 7.23-7.13 (m, 2 H), 7.10
(d, J = 4.0 Hz, 1 H), 4.94 (d, J = 4.0 Hz, 1 H), 2.92 (dd, J = 14.0, 5.5 Hz, 1 H), 2.72 (ddd,
14.4, 10.0, 1.5 Hz, 1 H), 2.07-1.93 (m, 2 H), 1.85-1.75 (m, 4 H), 1.49-1.45 (m, 1 H). 13C
NMR (101 MHz, CDCl3) δ ppm 144. , 140. , 1

.4, 1 6. , 1 6.0, 1 4. ,

. , 6. ,

35.7, 27.7, 27.5.

The HPLC separation conditions and subsequent stereochemical assignment was
determined from the literature:43 Chiralpak OD-H column, 4% iPrOH in hexane, flow

84

rate: 0.5 mL/min, 25 °C; tR 21.1 min for (R)-enantiomer (minor) and tR 24.3 min for (S)enantiomer (major). (er = 19:81)

Table 2.10, Entry 3: Major product: 114 mg, 54%, clear colorless oil.
1

H NMR (400 MHz, CDCl3) δ ppm .

(d, J = 4.0 Hz, 6 H), 7.45-7.40

(m, 10 H), 7.14-7.05 (m, 3 H), 5.05 (t, 4.5 Hz, 1 H), 3.01 (ur, 1 H), 2.59
(dt, J = 11.0, 1.5 Hz, 1 H), 2.00 (br, 1 H), 1.78 (d, J = 5.0 Hz, 2 H), 1.64-1.52 (m, 3 H).
13

C NMR (101 MHz, CDCl3) δ ppm 144.0, 1 .4,135.1, 134.6, 129.8 129.2, 127.7,

126.7, 125.7, 75.8, 36.9, 35.7, 27.7, 27.2. Optical Rotation [α]25 D = + 17.5 (c = 0.88,
CHCl3) HRMS (ESI) (M+) Calculated for (C29H28SiO+): 420.1904 Observed: 420.1895.
IR (neat, cm-1): 3068, 2924, 1959, 1890, 1824, 1589, 1444, 1427, 1113, 1057, 1010, 871,
739, 696.

HPLC data is of the desilylated and purified product using the same HPLC conditions as
the recovered starting material. (er = 73:27)
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Kinetic Resolution Data for Table 2.10, Entry 3
#

erSM%

erPr%a

C%

s

1

81:19

73.2:26.9

57.1

4.9

sAVG

4.9
2

82:18

72.6:27.5

58.8

4.9

a) erPr % is of the deprotected and purified product

Table 2.10, Entry 4 :Recovered starting material: 37 mg, 44% 1H NMR
(400 MHz, CDCl3) δ ppm . 6 (d, 6. Hz), .66 (d, . Hz, 1 H), . 1-7.48
(m, 3 H), 7.31(d, J = 6.5 Hz, 1 H), 5.73 (d, J = 6.0 Hz, 1 H), 3.81 (dd, J =
17.5, 6.5 Hz, 1 H) 3.25 (d, J = 15.0 Hz), 2.06 (br, 1 H).

13

C NMR (101 MHz, CDCl3) δ

ppm 145.6, 141.5, 137.1, 131.1, 128.2, 128.0, 124.9, 122.7, 120.3, 119.8, 74.3, 41.8.

The HPLC separation conditions and subsequent stereochemical assignment was
determined from the literature:44 Chiralpak OD-H column, 3% iPrOH in hexane, flow
rate: 1.5 mL/min, 25 °C; tR 20.4 min for (S)-enantiomer (major) and tR 24.9 min for (R)enantiomer (minor). (er = 75:25)
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Table 2.10, Entry 4: Major product: 121 mg, 56%, white solid. mp
range = 101-102 °C. 1H NMR (400 MHz, CDCl3) δ ppm .6 (d, J =
6.0 Hz, 6 H), 7.71 (d, J = 8.0 Hz, 1 H), 7.63 (d, J = 8.0 Hz, 1 H), 7.517.42 (m, 11 H), 7.25-7.18 (m, 2 H), 6.01 (dd, J = 7.0, 3.0 Hz, 1 H), 3.60 (dd, J = 17.0, 7.0
Hz), 3.63 (d, 17.5 Hz). 13C NMR (101 MHz, CDCl3) δ ppm 14 .6, 141.6, 1

. ,1

. ,

134.3, 131.0, 130.1, 127.9,124.3, 122.5, 120.5, 119.2, 75.3, 41.9. Optical Rotation [α]25
D

= + 8.5 (c = .90, CHCl3) HRMS (ESI) (M+) Calculated for (C30H24SiO+): 428.1591

Observed: 428.1590. IR (neat, cm-1): 3068, 2915, 1959, 1891, 1823, 1567, 1483, 1427,
1114, 1062, 931, 781, 738, 696.

HPLC data is of the desilylated and purified product using the same HPLC conditions as
the recovered starting material. (er = 22:78)
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Kinetic Resolution Data for Table 2.10, Entry 4
#

erSM%

erPr%a

C%

s

1

76:25

78:21

47.6

5.1

sAVG

5.1
2

80:20

74:26

56.0

5.0

a) erPr % is of the deprotected and purified product

Table 2.10, Entry 5: Recovered starting material: 34 mg, 46 % 1H NMR
(400 MHz, CDCl3) δ ppm . 0 (d, J = 8.0 Hz, 1 H), 7.20 (dt, J = 5.0, 1.5 Hz,
1 H), 6.92 (dt, J = 7.0, 1.0 Hz, 1 H), 6.84 (d, J = 9.5 Hz, 1 H), 4.76, (t, J =
3.5 Hz, 1 H) 4.26-4.23 (m, 2 H), 2.11-1.99 (m, 3 H). 13C NMR (101 MHz, CDCl3) δ ppm
154.5, 129.6, 124.2, 120.5, 117.0, 63.1, 61.8, 30.7.

The HPLC separation conditions and subsequent stereochemical assignment was
determined from the literature:45 Chiralpak OD-H column, 2% iPrOH in hexane, flow
rate: 1.3 mL/min, 25 °C; tR 20.1 min for (S)-enantiomer (major) and tR 26.1 min for (R)enantiomer (minor). (er = 95:5)

Table 2.10, Entry 5: Major product: 102 mg, 50%, white solid. mp
range = 108-109 °C. 1H NMR (400 MHz, CDCl3) δ ppm .

(d, J =

8.0 Hz, 6 H), 7.54-7.27 (m, 9 H), 7.04 (dt, J = 8.0, 1.5 Hz 1H), 6.88 (d, J
= 6.0 Hz, 1 H), 6.71-6.65 (m, 2 H), 4.86 (t, J = 4.0 Hz. 1 H), 4.34 (dt, 20.0, 4.0, 3.0 Hz, 1
H), 4.10-4.08 (m, 1 H), 1.90-1.84 (m, 2 H). ). 13C NMR (101 MHz, CDCl3) δ ppm 1 4.4,
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135.5, 134.3, 130.0, 129.9, 129.2, 127.9, 124.1, 119.9, 116.6, 64.9, 62.1, 31.4. Optical
Rotation [α]25

D

= + 43.8 (c = 1.0, CHCl3) HRMS (ESI) (M+) Calculated for

(C27H24O2Si+): 408.1540 Observed: 408.1535. IR (neat, cm-1): 3067, 2953, 1906, 1825,
1582, 1488, 1428, 1114, 1007, 931, 739, 707.

HPLC data is of the desilylated and purified product using the same HPLC conditions as
the recovered starting material. (er = 13:87)

Kinetic Resolution Data for Table 2.10, Entry 5
#

erSM%

erPr%a

C%

s

1

95:5

87:13

54.6

21

sAVG

22
2

94:6

89:11

53.1

22

a) erPr % is of the deprotected and purified product

Table 2, Entry 6: Recovered starting material: 36 mg, 43 % 1H NMR (400
MHz, CDCl3) δ ppm . 1 (d, J = 9.0 Hz, 1 H), 7.14-7.12 (m, 2 H), 7.08-7.04
(m, 1 H), 4.79 (br, 1 H), 3.14 (dt, J = 27.0, 12.5, 3.0 Hz 1 H), 2.88-2.83 (m, 1 H), 2.3789

2.31 (m, 1 H), 2.08-2.00 (m, 1 H), 1.92 (br, 1 H).

13

C NMR (101 MHz, CDCl3) δ ppm

134.5, 133.1, 130.3, 128.4, 126.7, 124.2, 66.4, 29.9, 21.4.

The HPLC separation conditions and subsequent stereochemical assignment was
determined from the literature:42 Chiralpak OD-H column, 5% iPrOH in hexane, flow
rate: 0.6 mL/min, 25 °C; tR 22.6 min for (S)-enantiomer (major) and tR 29.1 min for (R)enantiomer (minor). (er = 94:6)

Table 2.10, Entry 6: Major product: 97 mg, 46%, faint yellow solid. mp
range = 105-106 °C. 1H NMR (400 MHz, CDCl3) δ ppm .64 (d, J =
6.5 Hz, 6 H), 7.48-7.37 (m, 9 H), 7.13-7.12 (m, 2 H), 6.99 (d, J = 7.0 Hz,
1 H), 6.93-6.89 (m, 1 H), 4.96 (dd, J = 8.0, 3.0 Hz, 1 H), 3.53 (dt, J = 27.0, 12.0, 3.0 Hz,
1 H), 2.86-2.81 (m, 1 H), 2.26-2.21 (m, 1 H), 1.98-1.95 (m, 1 H). 13C NMR (101 MHz,
CDCl3) δ ppm 1

.4, 1 4. , 1 4. , 1

30.6, 21.8. Optical Rotation [α]25

D

. , 1 0.1, 1 0.0, 1

. ,1

. , 1 6.4, 1

.6, 6 . ,

= +70.0 (c = 0.91, CHCl3) HRMS (ESI) (M+)

Calculated for (C27H24OSSi+): 424.1312 Observed: 424.1314. IR (neat, cm-1): 3067,
2916, 1961, 1891, 1827, 1588, 1473, 1427, 1114, 1040, 971, 741, 696.

HPLC data is of the desilylated and purified product using the same HPLC conditions as
the recovered starting material. (er = 10:90)
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Kinetic Resolution Data for Table 2.10, Entry 6
#

erSM%

erPr%a

C%

s

1

94:6

90:10

52.1

26

sAVG

25
2

93:7

90:10

51.5

24

a) erPr% is of the deprotected and purified product

Table 2.10, Entry 7a: Recovered starting material: 40 mg, 45%. 1H
NMR (400 MHz, CDCl3) δ ppm .00 (d, J = 8.0 Hz, 1 H) 6.97 (d, J =
3.0 Hz, 1 H), 6.76 (dd, J = 8.0, 2.5 Hz, 1 H), 4.71 (J = 4.5 Hz, 1 H), 3.78 (s, 3 H), 2.772.70 (m, 1 H), 2.67-2.60 (m, 1 H), 2.04- 1.80 (m, 3 H), 1.77-1.70 (m, 1 H). 13C NMR
(101 MHz, CDCl3) δ ppm 1

. ,1

.7, 129.8, 129.0, 114.2, 112.5, 68.4, 55.2, 32.3, 28.3,

19.1.

The HPLC separation conditions and subsequent stereochemical assignment was
determined from the literature:40, 42 Chiralpak OD-H column, 4% iPrOH in hexane, flow
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rate: 0.5 mL/min, 25 °C; tR 50.1 min for (S)-enantiomer (major) and tR 56.5 min for (R)enantiomer (minor). (er = 93:7)

Table 2.10, Entry 7a: Major product: 120 mg, 55%, white solid.
mp range = 69-70 °C. 1H NMR (400 MHz, CDCl3) δ ppm .6
(d, J = 8.0, 6 H), 7.44-7.34 (m, 9 H), 6.94 (d, J = 8.0, 1 H), 6.80 (d, J = 2 Hz, 1 H), 6.71
(dd, J = 8.0, 2.5 Hz, 2 H) 4.95 (t, J = 4.5 Hz, 1 H), 3.54 (s, 3 H), 2.75-2.69 (m, 1 H),
2.62-2.56 (m, 1 H), 2.03-2.00 (m, 1 H), 1.91-1.86 (m, 2 H), 1.64-1.61 (m, 1 H). 13C NMR
(101 MHz, CDCl3) δ ppm 1

. 1

. ,1

. , 1 4. , 1

. ,1

.6, 1

.0, 1

. , 114.6,

111.9, 70.5, 55.0, 32.6, 28.2, 19.6. Optical Rotation [α]25 D = + 11.7 (c = 1.05, CHCl3).
HRMS (ESI) (M+) Calculated for (C29H28O2Si+): 436.1853 Observed: 436.1866. IR
(neat, cm-1): 3065, 2949, 1960, 1907, 1826, 1612, 1503, 1427, 1252, 1113, 1062, 991,
825, 743, 697.

HPLC data is of the desilylated and purified product using the same HPLC conditions as
the recovered starting material. (er = 15:85)
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Kinetic Resolution Data for Table 2.10, Entry 7a
#

erSM%

erPr%a

C%

s

1

93:7

85:15

54.9

16

sAVG

16
2

92:8

86:14

53.8

15

a) erPr% is of the deprotected and purified product

Table 2.10, Entry 7b: Recovered starting material: 35 mg, 42 %. 1H
NMR (400 MHz, CDCl3) δ ppm .14 (d, J = 9.5, 1 H) 7.04 (dd, J = 14.0,
5.5 Hz, 1 H), 6.88 (dt, J = 8.4, 2.8 Hz, 1 H), 4.72 (t, J = 4.5 Hz), 2.76-2.73 (m, 1 H),
2.71-2.67 (m, 1 H), 2.02-1.75 (m, 5 H). 13C NMR (101 MHz, CDCl3) δ ppm 16 .4-160.0
(d, J = 241.3 Hz), 140.7, 132.4, 114.6, 114.4, 68.1, 32.2, 28.4, 19.1. Optical Rotation
[α]25 D = + 28.0 (c = 1.05, CHCl3), Lit:12 [α]24 D = -36.9 (c = 1.01, CHCl3), 98% ee (R)-7fluoro-1-tetralol.46 HRMS (ESI) (M+) Calculated for (C10H11FO+): 166.0788 Observed:
166.0789 IR (neat, cm-1): 3316 (br), 2937, 1677, 1613, 1492, 1247, 1222, 873, 806

The stereochemical assignment was determined relative to the published optical rotation
value.46 Chiralpak AD-H column, 4% iPrOH in hexane, flow rate: 0.5 mL/min, 25 °C; tR
23.9 min for (S)-enantiomer (major) and tR 27.1 min for (R)-enantiomer (minor). (er =
90:10)

Table 2.10, Entry 7b: Major product: 109 mg, 51%, white solid. mp
range = 102-103 °C. 1H NMR (400 MHz, CDCl3) δ ppm .66 (d, J =

93

6.0 Hz, 6 H), 7.46-7.36 (m, 9 H), 7.01-6.93 (m, 9 H), 6.83 (dt, J = 8.0, 5.5 Hz, 1 H), 4.90
(t, J = 6.0 Hz, 1 H), 2.80-2.57 (m, 1 H), 2.64-2.57 (m, 1 H), 2.04-1.97 (m, 1 H), 1.88-1.83
(m, 2 H), 1.68-1.60 (m, 1H). 13C NMR (101 MHz, CDCl3) 162.2-159.8 (d, J = 243.2 Hz),
141.0, 135.5, 134.4, 132.4, 130.1-130.0, 129.9, 127.8, 114.7-114.0 (m, 2 C), 70.0, 32.2,
28.2, 13.9. Optical Rotation [α]25

D

= + 14.4 (c = 0.99, CHCl3). HRMS (ESI) (M+)

Calculated for (C28H25FOSi+): 424.1653 Observed: 424.1657. IR (neat, cm-1): 3066,
2936, 1897, 1827, 1775, 1589, 1497, 1427, 1246, 1113, 1062, 993, 821, 696.

HPLC data is of the desilylated and purified product using the same HPLC conditions as
the recovered starting material. (er = 18:82)

Kinetic Resolution Data for Table 2.10, Entry 7b
#

erSM%

erPr%a

C%

s

1

87:13

84:16

52.2

11

sAVG

11
2

90:10

82:18

55.3

a) erPr% is of the deprotected and purified product
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Table 2.10, Entry 10: Recovered starting material: 42 mg, 47% 1H NMR
(400 MHz, CDCl3) δ ppm .44 (d, J = 9.0 Hz, 1H), 7.17 (dt, J = 7.5, 1.5
Hz, 1 H), 6.91 (dt, J = 7.0, 1.0 Hz, 1 H), 6.78 (d, J = 9.0 Hz, 1 H), 4.83 (dd, J = 8.5, 6.0
Hz, 1 H), 2.15 (dd, J = 19.5, 7.0 Hz, 1 H), 1.84 (dd, J = 22.5, 5 Hz, 1 H), 1.43 (s, 3 H),
1.30 (s, 3 H).

13

C NMR (101 MHz, CDCl3) δ ppm 1

.1, 1

. ,1

. , 1 4. , 1 0. ,

117.1, 75.2, 63.6, 42.6, 28.9, 25.9.

The HPLC separation conditions and subsequent stereochemical assignment was
determined from the literature:39 Chiralpak AD-H column, 4% iPrOH in hexane, flow
rate: 0.3 mL/min, 25 °C; tR 39.4 min for (S)-enantiomer (major) and tR 42.0 min for (R)enantiomer (minor). (er = 91:9)

Table 2.10, Entry 10: Major product: 112 mg, 51 %, white solid. mp
range = 118-119 °C. 1H NMR (400 MHz, CDCl3) δ ppm .6 (d, J =
9.5 Hz, 6 H), 7.46-7.32 (m, 10 H), 7.13 (dt, J = 8.0, 2.0 Hz, 1 H), 6.83,
(dt, J = 7.5, 1.0 Hz, 1H), 6.75, (d, J = 9.0, 1 H), 5.0 (dd, J = 8.0, 6.0, Hz, 1 H), 1.98 (dd, J
= 21.5, 5.0 Hz, 1 H), 1.86 (dd, J = 19.0, 5.0 Hz, 1 H), 1.39 (s, 3 H), 1.27 (s, 3 H).
NMR (101 MHz, CDCl3) δ ppm 1

. ,1

. , 1 4. , 1 0.1, 1

. ,1

.1, 1

13

C

. , 1 4. ,

119.8, 116.9, 75.0, 65.2, 42.2, 28.8, 26.3. Optical Rotation [α]25 D = + 16.6 (c = 0.94,
CHCl3). HRMS (ESI) (M+) Calculated for (C29H28O2Si+): 436.1853; Found: 436.1857.
IR (neat, cm-1): 3067, 2924, 1961, 1889, 1823, 1579, 1428, 1116, 1081, 852, 743, 697.
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HPLC data is of the desilylated and purified product using the same HPLC conditions as
the recovered starting material. (er = 13:87)

Kinetic Resolution Data for Table 2.10, Entry 10
#

erSM%

erPr%a

C%

s

1

90:10

86:14

52.5

15

sAVG

16
2

91:9

87:13

52.5

16

a) erPr% is of the deprotected and purified product

Table 2.10, Entry 12: Recovered starting material: 13 mg, 22%. 1H NMR
(400 MHz, CDCl3) δ ppm .

-7.33 (m, 4 H), 7.29-7.25 (m, 1 H), 4.90 (q, J

= 6.0 Hz), 1.89 (br, 1 H), 1.50 (d, 6.0 Hz). 13C NMR (101 MHz, CDCl3) δ ppm 14 . ,
128.5, 127.4, 125.3, 70.4, 25.1.

The HPLC separation conditions and subsequent stereochemical assignment was
determined from the literature:39 Chiralpak AD-H column, 4% iPrOH in hexane, flow
rate: 1.0 mL/min, 25 °C; tR 11.3 min for (R)-enantiomer (minor) and tR 13.7 min for (S)enantiomer (major). (er = 39:61)

Table 2.10, Entry 12: Major product: 76 mg, 40%, clear colorless oil.
1

H NMR (400 MHz, CDCl3) δ ppm .66 (d, J = 6.0 Hz, 6 H), 7.48-7.25

96

(m, 14 H), 5.11 (q, J = 6.0 Hz, 1 H), 1.49 (d, 6.0 Hz, 3 H).
δ ppm 14 . , 1

.4, 1 4. , 1

Rotation [α]25

= + 8.1 (c = 1.00, CHCl3).

D

. , 1

13

C NMR (101 MHz, CDCl3)

.0, 1 . , 1 6. , 1

.4,

1. , 6. .

Optical

HRMS (ESI) (M+) Calculated for

(C26H24OSi+): 380.1591 Observed: 380.1592. IR (neat, cm-1): 3068, 2973, 1958, 1893,
1825, 1585, 1428, 1114, 1083, 958, 795, 694.

HPLC data is of the desilylated and purified product using the same HPLC conditions as
the recovered starting material. (er = 68:32)

Kinetic Resolution Data for Table 2.10, Entry 12
#

erSM%

erPr%a

C%

s

1

61:39

70:30

35.9

2.8

sAVG

2.8
2

63:37

68:32

40.9

2.7

a) erPr% is of the deprotected and purified product
Table 2.10, Entry 13: 31 mg, 41 %Recovered starting material: 1H NMR
(400 MHz, CDCl3) δ ppm .

-7.24 (m, 5 H), 4.36 (dd, J = 6.5, 2.0 Hz, 1

H), 1.95 (dsep, J = 6.5, 1.0 Hz, 1 H) 1.86 (d, J = 2.0 Hz, 1 H), 1.00 (dd, J = 6.5, 1.0 Hz, 3
H), 0.79 (dd, J = 7.0, 1.0 Hz, 3 H).

13

C NMR (101 MHz, CDCl3) δ ppm 14 .6, 1

.1,

127.3, 126.5, 80.0, 35.2, 18.9, 18.2.
The HPLC separation conditions and subsequent stereochemical assignment was
determined from the literature:47 Chiralpak AD-H column, 2% iPrOH in hexane, flow
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rate: 0.5 mL/min, 25 °C; tR 28.3 min for (R)-enantiomer (major) and tR 20.5 min for (S)enantiomer (minor). (er = 63:37)

Table 2.10, Entry 13: Major product: 43 mg, 21%, clear colorless oil.
1

H NMR (400 MHz, CDCl3) δ ppm . 0 (dd, J = 4.0, 1.0 Hz, 6 H), 7.49-

7.33 (m, 3 H), 7.29-7.25 (m, 6 H), 7.17 (s, 5 H), 4.53 (d, 6.0 Hz, 1 H),
MHz, CDCl3) δ ppm 14 . , 1

. , 1 4. , 1

18.7, 18.3. Optical Rotation [α]25

D

. ,1

.6, 1

. ,1

13

C NMR (101

. , 1 6. , 1. , 6.1,

= -18.9 (c = 1.00, CHCl3) IR (neat, cm-1): 3068,

2959, 1961, 1887, 1824, 1428, 1115, 1053, 736, 695. HRMS (CI) (M-H) Calculated for
(C28H28OSi-): 407.1837 Observed: 407.1826

HPLC data is of the desilylated and purified product using the same HPLC conditions as
the recovered starting material. (er = 20:80)
Kinetic Resolution Data for Table 2.10, Entry 13
#

erSM%

erPr%a

C%

s

1

63:37

82:18

29.3

5.9

sAVG

5.6
2

63:37

80:20

29.3

5.3

a) erPr% is of the deprotected and purified product

Table 2.10, Entry 15: clear colorless oil. 1H NMR (400 MHz,
CDCl3) δ ppm .

(d, J = 8.0 Hz, 2 H), 7.42-7.31 (m, 3 H), 5.46

(d, J = 8.0 Hz, 1 H), 5.30 (s, 1 H), 0.21 (s, 9 H).
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The HPLC separation conditions and subsequent stereochemical assignment was
determined from the literature:48 Chiralpak OD-H column, 6% iPrOH in hexane, flow
rate: 0.5 mL/min, 25 °C; tR 13.5 min for (R)-enantiomer (major) and tR 12.2 min for (S)enantiomer (minor). (er = 64:36)

Table 2.10, Entry 15 clear colorless oil. 1H NMR (400 MHz,
CDCl3) δ ppm . 0-7.64 (m, 8 H), 7.51-7.25 (m, 12 H), 5.59 (s, 1
H), 0.10 (s, 9 H).

Upon deprotection, the substrate was converted to 1-phenyl-3-(trimethylsilyl)prop-2-yn1-ol. The HPLC separation conditions were as followed Chiralpak OJ-H column, 6%
iPrOH in hexane, flow rate: 0.5 mL/min, 25 °C; tR 23.5 min for (R-enantiomer (minor)
and tR 32.5 min for (R)-enantiomer (major). (er = 70:30)

General procedure for the screening of silyl sources and catalysts for
enantioselective silylation

To an oven dried 1 dram vial with activated 4 Å molecular sieves (20-25 mg) was fitted
an oven dried Teflon coated stir bar. To the vial was added 1-indanol (30.0 mg, 0.22
mmol) and catalyst (13.5 mg, 0.066 mmol) then quickly sealed under dry N2. The vial
was then charged with 1.0 mL THF to generate a 0.3 M solution and the solution was
treated with either diisopropylethyl amine or N,N-diisopropyl-3-pentylamine (0.11 mmol)
and cooled to -78 °C in a crycool apparatus for about 30 minutes. The cooled solution
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was then treated with a 0.298 M solution of Ph3SiCl in THF (0.370 mL, 0.11 mmol) and
left to react for the specified amount of time. The reaction was then quenched with 200
μL MeOH and poured into a 4-dram vial containing 1.0 mL sat. aqueous NH4Cl and
extracted with diethyl ether (3 x 5 mL) and the ethereal layer was then dried over silica
gel. After filtration and removal of solvent, the residue was purified by silica gel
chromatography (1:1 hexanes:CH2Cl2 followed by 2% MeOH in CH2Cl2). The unreacted
alcohol was then analyzed by HPLC with a chiral stationary phase.

The purified silyl ether was then dissolved in 3 mL THF and fitted with a Teflon coated
stir bar. The solution was treated with 1.0 mL TBAF (1 M in THF) and stirred at ambient
temperature for 10 h. The reaction was then quenched with brine and extracted with
diethyl ether (3 x 3 mL) and dried over silica gel. After filtration and removal of solvent,
the crude was purified by silica gel chromatography (CH2Cl2 to 2% MeOH in CH2Cl2).

Table 2.5, Entry 1: Major product: 24 mg, 43%, clear colorless oil. 1H
NMR (400 MHz, CDCl3) δ ppm .

-7.34 (m, 1 H), 7.24-7.21 (m, 3H),

5.27 (t, J = 6.5 Hz, 1 H), 2.99-2.97 (m, 1H), 2.80-2.76 (m, 1 H), 2.49-2.41 (m, 1 H), 1.971.92 (m, 1 H), 1.06-1.02 (m, J = 16.0, 8.0 Hz, 9 H), 0.72 (q, 8.0 Hz, 6 H), 13C NMR (101
MHz, CDCl3) δ ppm 14 . , 14 .5, 127.6, 126.4, 124.6, 124.0, 76.3, 36.5, 29.6, 6.8, 4.9.
Optical Rotation [α]25 D = + 0.5 (c = 1.91, CHCl3). HRMS (ESI) (M+) Calculated for
(C15H24OSi+): 248.1591 Observed: 248.1596 IR (neat, cm-1): 2954, 2876, 1607, 1459,
1108, 1074, 846, 738.
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Table 2.5, Entry 2: Major product: 27 mg, 44%, clear colorless oil. 1H
NMR (400 MHz, CDCl3) δ ppm . 0-7.67 (m, 2 H), 7.44-7.41 (m, 3
H), 7.29-7.26 (m, 1 H), 7.22-7.21 (m, 3 H), 5.27 (dt, J = 6.5, 1.0 Hz, 1 H), 3.05- 2.97 (m,
1H), 2.76-2.72 (m, 1 H), 2.35-2.33 (m, 1 H), 2.00-1.94 (m, 1 H), 0.50 (s, 6H). 13C NMR
(101 MHz, CDCl3) δ ppm 14 .0, 14 .6, 1

.1, 1 . , 1

.6, 1

. ,1

. , 1 6.4, 1 4.6,

124.1, 76.6, 36.1, 29.7, -1.0. Optical Rotation [α]25 D = + 17.3 (c = 0.58, CHCl3). HRMS
(ESI) (M+) Calculated for (C17H20OSi+): 268.1278 Observed: 268.1285. IR (neat, cm-1):
3069, 2958, 1887, 1590, 1477, 1427, 1250, 1114, 1070, 985, 870, 782, 737, 697

Table 2.5, Entry 3: Major product:49 36 mg, 54 %, clear colorless oil.
1

H NMR (400 MHz, CDCl3) δ ppm . 1-7.67 (m, 4 H), 7.46-7.38 (m,

6 H), 7.28 (d, J = 4 Hz, 1 H), 7.23-7.19 (m, 3 H), 5.38 (t, J = 6.0 Hz, 1 H), 3.05-2.98 (m,
1H), 2.78-2.70 (m, 1 H), 2.37-2.29 (m, 1 H), 2.10-2.00 (m, 1 H), 0.77 (s, 3H). 13C NMR
(101 MHz, CDCl3) δ ppm 14 .0, 14 . , 136.4, 134.4, 129.8, 127.8, 127.7, 126.4, 124.6,
124.2, 77.3, 36.2, 29.7, -2.1. Optical Rotation [α]25 D = + 10.0 (c = 2.93, CHCl3) HRMS
(ESI) (M+) Calculated for (C26H24OSi+): 330.1434 Observed: 330.1428 IR (neat, cm-1):
3069, 2959, 1955, 1885, 1820, 1428, 1252, 1109, 1068, 861, 788, 721, 696.
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Chapter 3. Mechanistic investigations into the enantioselective silylation of
secondary alcohols with Ph3SiCl by Levamisole (2.12)

3.1 Introduction
The use o enantioselective sil lation has egun to e e plored in the preparation
o

enantiomericall

pure alcohols.

Although there now e ists several di erent

methodologies that have een reported to per orm the activation o sil lchlorides towards
enantioselective sil lation,1- no ormal mechanistic stud has een reported thus ar. In a
recent report from the Wiskur group,3 the isothiourea based catalyst (-)-tetramisole (2.12,
Figure 3.1), was found to be the most successful of the catalysts tested for the kinetic
resolution6,

o mono unctional secondar

alcohols via enantioselective sil lation.

Isothiourea containing catalysts and similar amidine containing catalysts have been
employed in a number of Lewis base activated asymmetric reactions8 and have garnered
much interest as catalysts due to their superior nucleophilic properties in enantioselective
acylation.9 Therefore, to gain a better understanding of the enantioselective silylation
that was reported by the Wiskur group, and to gain more insight into reaction
mechanisms catalyzed by isothiourea based compounds, work has begun to be performed
by the Wiskur group to understand the enantioselective silylation of secondary alcohols
by 2.12 in the presence of Ph3SiCl.
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Figure 3.1 The nucleophilic isothiourea based catalyst (-)-tetramisole (2.12)

Although mechanistic studies have been performed for the enantioselective
acylation of secondary alcohols by amidine and isothiourea based catalysts,10-12 there
seems to be little that can be applied, a priori, from those mechanistic studies for their
use as enantioselective silylation catalysts.

The reason enantioselective silylation

reactions cannot be simply assumed to undergo a similar mechanism to that of acylation
is that in an acylation reaction, the carbonyl carbon will undergo an addition elimination
reaction whereas silicon does not and will therefore likely undergo a different
mechanistic pathway altogether.13, 14 Therefore, there are two main questions that arise
from this line of inquiry. First, what is the reactive silylating intermediate, and secondly,
what is the means of chirality transfer (Figure 3.2)?

Figure 3.2 Mechanistic questions to be investigated.
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To begin to answer the question of what the reactive silylating species is, an
understanding of the coordination state of silicon must first be known. Once the structure
o the sil lating species is determined, the second question o how the activated sil lating
species leads to the enantioselective discrimination o the su strate can egin to e
approached.

The putative intermediate or a Lewis

ase activated enantioselective

sil lation would conceiva l involve a direct coordination etween (-)-tetramisole and
Ph SiCl (Scheme .1) in a tetravalent intermediate. However, determining the structure
of the reactive silylating species is complicated by the relative ease that silicon expands
its coordination number to form extracoordinate species. Furthermore, although there has
een much work done in the ield o mechanistic organosilicon chemistr ; it remains
di icult to predict the valenc

o the resulting silicon−catal st comple . A silicon

species with h percoordination such as 3.1 is commonl invoked to e plain nucleophilic
su stitution at silicon1

-1

potential intermediate.1

, 0-

ut a tetravalent species (3.2) must also e considered as a
Also, the possi ilit o an equili rium etween 3.1 and 3.2

is also a possi ilit .
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Scheme 3.1 Potential pentavalent and tetravalent intermediates (3.1 and 3.2 respectively)

The a ilit to orm a h pervalent species is elieved to e due to silicon’s a ilit
to form three center four electron (3c-4e) bonds.23 A 3c-4e bond occurs when three
atomic centers contribute an orbital (and four electrons) and form a bonding interaction.
Specifically for silicon, the 3c-4e bonds are a result of the ligands binding to the nonbonding molecular orbital at silicon. These three atomic centers arrange in a linear
conformation with two electrons residing in a bonding orbital while the other two
electrons reside in a non-bonding orbital (Figure 3.3).24 This has the practical structural
implication that the more electronegative ligand will take the axial position at the
silicon.13, 25 Also, because the bonding interaction is in the weaker non-bonding orbital,
the apical positions possess longer bonds than the equatorial ligands.13 In the case of an
even higher coordinate intermediate such as a hexavalent silicon, there is believed to be
three 3c-4e bonds that allow for 6 bonds at silicon all of equal average lengths (i.e. axial
and equatorial bonds are indistinguishable). Although there are many examples of penta-
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and hexavalent intermediates in organosilicon chemistry, the possibility for a tetravalent
(substitution like) intermediate at silicon is also possible.20

Figure 3.3 A valence bond visualization of a 3c-4e bond between silicon and its axial
ligands in a pentavalent silicon species.

3.2 Determining the valency of the reactive silylating intermediate by NMR analysis

To elucidate the level o coordination o a reactive silicon intermediate, Si- M
anal sis has

ecome one o the most diagnostic techniques availa le or detecting

h pervalent silicon intermediates.

Si− M is well suited or detecting e tracoordinate

silicon species due to the large characteristic up ield shi t or h pervalent silicon species,
whereas tetravalent species show a much less signi icant shi t.

1, 6,

een noted that the temperature, concentration, and su stituents
ond lengths and ond angles
an shi ts that occur in the

6

However, it has
as well as potential

must also e taken into consideration when interpreting
Si- M

spectrum. It is noteworth though that solvent

seems to have onl a small e ect on δSi resonances in most cases.

- 1

First, in an attempt to s nthesize the intermediate, a 1 M solution o Ph SiCl in
anh drous THF was added to 1.0 equiv. o 2.12. It was o served that within seconds, a
ver moisture sensitive white precipitant ormed. Although such a sparingl solu le
product can e considered to e an indication o an ionic silicon compound,

,

h pervalent silicon compounds have also een known to show poor solu ilit .
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neutral
4

When

the solid was added to CD Cl , the product was ound to e solu le enough to o tain 1H
and Si M data.

3.2.1 1H-NMR analysis of the 2.12 /Ph3Si−Cl complex
When compared to (-)-tetramisole (Figure .4, spectrum (a)), the ic clic ring
protons o the resulting (-)-tetramisole Ph SiCl comple (Figure .4, spectrum ( )) were
shi ted noticea l down ield. This suggests that the compound which orms involves a
coordinating interaction etween (-)-tetramisole and a Lewis acidic species, such as
Ph SiCl. Also, the integration o the aromatic region o the 1H- M

spectrum or the

comple (-)-tetramisole Ph SiCl reveals additional protons that ma correspond to the
aromatic protons o a ound Ph SiCl. Also, there was no evidence or the presence o
unreacted 2.12 or Ph SiCl which suggests stoichiometric conversion.

(a)

(b)

Figure 3.4 A comparison o the ic clic ring protons in CD Cl o (a) 2.12 and ( ) the
isolated solid that orms rom the addition o 2.12 and Ph SiCl.
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Further proo that the precipitant contains a species with a direct interaction
etween (-)-tetramisole and Ph SiCl was provided

a 1D nOe-Di erence e periment

(Figure . ). In this e periment, it was o served that when the methine proton o 2.12
(Figure . , proton H ) was irradiated, a positive nOe resulted etween the methine
proton o 2.12 and the ortho ring protons (Ha) o Ph SiCl.

This con irms quite

conclusivel that a CD Cl solu le 2.12 Ph SiCl comple is present in the precipitant.
Also, the presence o a positive nOe supports the claim that the ortho protons on Ph SiCl
are near the methine proton on 2.12. When the same procedure was ollowed to orm the
either 1H

2.12 Ph SiCl comple directl in CD Cl , there is no proo o coordination
M or

nOe-di erence stud , thus indicating the important role that solvent pla s in

the ormation o an potential adduct. For all su sequent solution ased

M

studies,

the comple es were irst ormed in THF, evaporated and then dissolved in CD Cl .

H

a

H

H /H

b

c

d

H /H
c

d

Figure 3.5 nOe-di erence spectrum o the isolated solid rom the addition o 2.12 to
Ph SiCl in THF and the o served nOe correlations.
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3.2.2 Magic Angle Spinning-29Si-Solid State Nuclear Magnetic Resonance of the
2.12/Ph3SiCl complex
To directl

determine i the resulting adduct o 2.12 and Ph SiCl contains a

h pervalent or tetravalent silicon species, direct anal sis o the solid
Spinning- Si-Solid State

uclear Magnetic

Magic Angle

esonance (MAS- Si-SS M ) was

per ormed. I a pentavalent silicon species precipitates upon comple ation o 2.12 to
Ph SiCl, a signi icant up ield shi t is e pected relative to the unassociated Ph SiCl ( .
ppm) just as is e pected rom solution state

Si- M .

However, what was o served

was a single sharp peak at -16.6 ppm. This represents an overall up ield shi t o less than
0 ppm. When compared to a recent report

the Wagler group in which an isothiourea

moiet was ound to give the pentavalent silicon species 3.3 (Figure .6).
overall up ield shi t o >60 ppm (δ
ppm ).

6

Si) relative to Me SiCl (CDCl , δ

There was an
Si

+ 1.0

There ore, due to the smaller up ield shi t o served or the 2.12 Ph SiCl

comple , it suggests that the isolated species is not h pervalent silicon ut most likel a
tetracoordinate species like that o 3.2.

Figure 3.6
Si-SS M and
isothiourea sil lchloride (3.3)

Si- M

resonances

or the known pentavalent

Due to the high moisture sensitivit o 2.12, the comple was compared to the
two most likel h drol sis products that would orm rom an adventitious water that
ma

e present, triphen lsilanol (Ph SiOH) and he aphen ldisilo ane (HPDS) (Ta le
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.1). The MAS- Si-SS M

spectrum o Ph SiOH is known to give a complicated

multiplet when anal zed near room temperature (Figure . ). This splitting pattern is
attri uted to the h drogen onding network that results as the compound cr stallizes.
To prevent this, Ph SiOH was rapidl precipitated
cooling quickl to -

dissolving in hot he anes then

°C. When prepared in this ashion, onl a single road peak

centered around -11 ppm was o served (Ta le .1). The other potential product resulting
rom h drol sis is the condensation product, he aphen ldisilo ane (HPDS). Anal sis o
the disilo ane onl showed a single peak at -1 . ppm. Although the di erence in the
resonances or these compounds in smaller than the resolution, HPDS is readil solu le
in

oth THF and CD Cl so this e cludes an

sizea le portion o the resulting

2.12 Ph SiCl adduct rom eing the condensation h drol sis product HPDS.
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Experimental

Literature

Figure 3.7 The o tained and literature MAS-29Si-SSNMR spectra of Ph3SiOH.
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Table 3.1 Solid State MAS- Si-SS M anal sis o 2.12 Ph SiCl and h drol sis
products

3.2.3 1H-29Si gradient heteronuclear multiple quantum coherence spectroscopy
analysis of the 2.12/Ph3SiCl complex.
To attempt to o serve whether a h pervalent species like 3.1 or a tetracoordinate
silicon species such as 3.2 is present in solution, or i an equili rium etween the two
coordination states is occurring, the D

M

anal sis technique, 1H- Si gHS C was

per ormed on the adduct. The sequence was modi ied
multiple ond coupling constants or silicon.
nuclei that are -

onds awa

nuclei directl attached to

using dela s optimized to the

setting up the sequence this wa , 1H

rom Si nuclei will show a correlation instead o just 1H
Si nuclei. Furthermore,

using this modi ied gHS C

method, as opposed to the traditional multiple ond correlation e periment, HM C ,
greater resolution can e achieved due to the phase sensitivit o the HS C method and
the same data can e o tained. The other advantage o using this technique is that since
this technique directl o serves the 1H nucleus instead o the Si, the sensitivit is ased
o o the natural a undance o the 1H nucleus (>

%) instead o

Si (ca. %).40

The heteronuclear correlation technique HS C was per ormed in order to detect
the presence o a h pervalent silicon species, which can e in erred
characteristic up ield shi t in the δ

Si resonance.
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a signi icant and

Some reported e amples o

pentavalent silicon compounds detected

Si are Ph SiH (3.4) which was shown to

give a Si resonance at - 4 ppm, while Ph Si (3.5) and Ph SiF (3.6) gave resonances at 10 and -111 ppm respectivel

41-43

, all of which showed significant upfield shifts relative

to Ph3SiCl (1.9 ppm)44 (Figure . ). Furthermore, use o the

M

technique 1H- Si

gHS C, will allow or determination o which 1H signals are correlated to the
corresponding
species that ma

Si resonance, which will aid in distinguishing di erent

Si containing

eing a le to correlate 1H resonances to

e present in solution.

Si

resonances can prove use ul in identi ing h drol zed silicon side products. Also, to
urther simulate the conditions o the enantioselective sil lation that is occurring in
Scheme .1, all anal sis were per ormed at -

C. Apart rom the lower temperature

simulating the reaction conditions, lower temperatures allow or the most avora le
condition to o serve a h pervalent species.4

, 46

Figure 3.8 Reported 29Si resonances for Ph3SiCl44 and some hypervalent silicon
containing compounds of the formula Ph3SiX2.41-43
To per orm the 1H- Si gHS C anal sis o the 2.12 activated sil l chlorides, as
well as the potential side products, all spectra were re erenced to Me4Si in oth the

Si

and 1H spectra.

eported in Ta le . are the o served Si spectra and the corresponding

1

In most cases there are multiple 1H resonances that correspond to

H resonances.

multiple 1H correlations to the listed

Si signal. These represent long distance (4 ond

correlation) etween meta protons on the ar l groups or
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ond correlation o protons on

alk l ligands attached to silicon.

The error associated with the

Si spectra is

appro imatel ± 1. ppm.
1

H- Si gHS C anal sis o the 2.12 Ph SiCl comple shows a similar magnitude

up ield shi t rom Ph SiCl (Ta le . , Entr 1) as was o served in the Si-SS M . The
silanol derivative gives a δ Si resonance (Ta le . , Entr

) close to the signal seen or

2.12 Ph SiCl, the corresponding 1H signal is >0.4 ppm up ield than or 2.12 Ph SiCl
which is much greater than the resolution or the 1H spectrum. This strongl suggests
that the o served δ

Si resonance corresponds to a unique species. When compared to

the disilo ane side product (Ta le . , Entr 6), the δ
di erent. To test whether an equili rium

Si resonance is signi icantl

etween tetra- and pentavalent species is

present, .0 equivalents o 2.12 was added (Entr

). What was o served was an up ield

shi t that was practicall identical to when 1.0 equivalent was used. This suggests that
there is no equili rium etween di erent coordination states at silicon. The comple was
also anal zed at 0 C to see i there was a shi t down ield when compared to Entr 1.
The reason a down ield shi t would e e pected is due to the pre erence or pentavalent
silicon ormation at lower temperatures.4

, 46

When anal zed at 0 C, there is a negligi le

shi t up ield. This urther supports that there is neither an equili rium etween tetra- and
pentavalent silicon species nor is the resonance o served at -11 ppm (δ Si) a pentavalent
species. There ore, ecause there was no signi icant up ield shi t in the δ Si signal, on a
magnitude e pected or pentacoordinate silicon species, this supports the h pothesis that
the active sil lating agent in the (-)-tetramisole catal zed enantioselective sil lation
reaction is the tetracoordinate silicon salt 3.2.
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It was previousl reported
ar l containing sil lchlorides

the Wiskur group, that several di erent alk l and

esides Ph SiCl were ound to a ord enantioenriched

secondar alcohols when catal zed

2.12, al eit with lower selectivit

actors (Scheme

. ). To determine i these other sil lchlorides (Ta le . , Entries , 1 , 16, and 0) show
similar results when anal zed

the same 1H- Si gHS C

2.12 sil lchloride comple es were prepared.

M

technique, a series o

It was o served that all o

2.12 sil lchloride comple es showed up ield shi ts o <

the

ppm compared to the ree

sil l chloride, suggesting the o served species are tetravalent. Also, in all cases, the
2.12 sil lchloride comple es showed similar up ield shi ts in their Si resonances to that
o their corresponding silanol compounds (Entries 1 and ,

and , 11 and 1 , 1 and 1 ,

1 and 1). However, the corresponding 1H resonances are in all cases signi icantl
di erent. There even appears to e ormation o a t uMe Si-2.12 comple (Ta le . ,
Entr 1 ). The potential ormation o a 2.12 activated comple is noteworth

ecause no

conversion was o served or the enantioselective sil lation ased kinetic resolution o 1indanol when t uMe Si-Cl was the sil l source (Scheme . , Entr

). This suggested

that there ma not have een ormation o a reactive sil lating intermediate, or that a
reactive intermediate did orm, ut the comple was so stericall hindered that the overall
rate o the kinetic resolution decreased signi icantl , that almost no conversion was
o served. It was also o served that as the phen l groups were replaced with alk l
groups, (Ta le . , Entries , 11, 1 , 1 ), the δ

Si signal or all 2.12 sil lchloride

comple es showed an increase in deshielding compared to their corresponding
sil lchloride. For the 2.12 Et Si-Cl sample (Ta le . , Entr 1 ), three

Si resonance

were o served. The irst at .6 ppm, appears to e he aeth ldisilo ane (Entr 1 ). The
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Si resonances at 14 ppm would correspond to an up ield shi t o appro imatel
while the other correlation would correspond to and up ield shi t o a out
the greatest potential up ield shi t o appro imatel

ppm

ppm. With

0 ppm, oth o these resonances do

not strongl support a pentavalent silicon species. It is not clear which o the two
correlations would

e a tetravalent silicon species or what the other correlation is.

However, it is clear that all o the 2.12/sil l chloride comple es show an up ield shi t in
the

Si resonances relative to the corresponding sil l chloride.

This trend is in

accordance with literature values.4 There ore, the data presented thus ar ails to support
the h pothesis o a pentavalent (3.1) t pe intermediate or an o the 2.12 sil l chloride
su strates.

Scheme 3.2 Enantioselective silylation of ()-1-indanol with 2.12 and various silyl
chlorides
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Table 3.2 1H- Si gHS C M anal sis at - °C o several 2.12 sil lchloride
comple es and their potential h drol sis products

Despite the data presented thus ar, it is still unknown i the isolated sil l species
is the reactive sil lating species. To determine i the 2.12 Ph SiCl comple was capa le
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o sil lating an alcohol, a kinetic resolution o 4-chromanol with the 2.12 Ph SiCl
comple used directl as a chiral sil l reagent was per ormed. It was o served that the
selectivit

actor or the enantioselective sil lation o 4-chromanol was slightl higher

than when the comple was ormed in situ with a su stoichiometric amount o catal st.
However, it appears that the conversion or this reaction was considera l lower a ter 4.
h then when ormed in situ and no silanol or disilo ane products were o served. When
Ph Si−OH and HPDS were used as the sil l source, there was no o serva le conversion
a ter even 16 h (< %).

Scheme 3.3 The kinetic resolution of ()-4-chromanol with the 2.12/Ph3SiCl complex as
a chiral reagent.
In order to test i altering the electronics o the ar l rings o the sil lchloride has
an e ect on silicon’s coordination num er, the electron withdrawing (p rC6H4) SiCl (p
0. 6)4 and electron donating (pH COC6H4) SiCl (p

-0.1 )4 derivatives o Ph SiCl

were s nthesized. In addition to electronics, sterics were increased to determine i an
increase in steric ulk will prevent comple

ormation. For this reason (pt uC6H4) SiCl

was also s nthesized and all three o these derivatives were reacted with 2.12 then
prepared in the same ashion as or Ta le . then anal zed

1

H- Si-gHS C M .4

The 2.12 (pt uC6H4) SiCl comple (Ta le . , Entr 1) was o served to give two
silicon correlations, one at -16 ppm and another at -11 ppm.

oth o these correlations

appear to e unique in oth δ Si and 1H spectra and represent a ma imum up ield shi t
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o appro imatel 1 ppm. When the electron donating pmetho

su stituted Ar SiCl was

reacted with 2.12 two δ Si resonances were o served (Entr

). There appeared to e

some h drol sis as the resonances that was o served at -1 . ppm ( Si) and .4 ppm
(1H) corresponds to one o the correlations o served or the disilo ane derivative -1 .
ppm ( Si) and .44 ppm (1H) (Entr
.

). The other correlation at -10. ppm ( Si) and

pm (1H) represent a unique correlation with an up ield shi t o appro imatel 11

ppm when compared to the sil lchloride (Entr 6). Interestingl , the disilo ane was
ound to give three unique correlations (Entr
sil lchloride (Entr 6) or the silanol (Entr

) none o which correspond to either the
). Further

M anal sis o the disilo ane

will e necessar to determine the structure o the other silicon containing species.
Si-gHS C anal sis o the 2.12 (p rAr) SiCl comple

(Entr

closel

to the disilo ane condensation product (Entr

resonance at -10. ppm ( Si) and .

H-

) also revealed two

silicon containing species present. The resonance at -1 ppm ( Si) and .
corresponds ver

1

ppm (1H)
1 ).

The

ppm (1H) appears to e a unique resonance that

corresponds to an up ield shi t o appro imatel 11 ppm. Interestingl , no resonance was
o served or the 1H- Si-gHS C anal sis o (p rAr) SiOH (Entr 11). This ma
ecause the ond requenc di ered signi icantl to the dela
optimized or 10 Hz). When anal zed
Si

e

requenc (which was

direct o serve, one dimensional Si M (1D-

M ), a single silicon species at -1 .1 ppm was o served.

In all cases the

2.12 sil lchloride comple es show unique silicon species that are shi ted up ield rom 111 ppm relative to their respective sil lchlorides. There ore, since the up ield shi t is not
o a similar magnitude to what is commonl o served or pentavalent silicon species the
data ails to support the presence o a h pervalent silicon species.
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Table 3.3 1H-29Si gHSQC NMR analysis of Ar3SiCl with electron donating, electron
withdrawing, and pt u− su stituents at - C in CD2Cl2.

When used in the kinetic resolution o 4-chromanol,

0

all three sil lchloride

species were capa le o enantioselectivel sil lating the chiral secondar alcohol (Ta le
.4). The more stericall hindered (pt uC6H4) SiCl (Entr

) showed superior selectivit

to Ph SiCl (Entr 1) although the reaction was slower than all o the other triar lsil l
chlorides that were tested, presuma l due to greater steric congestion around the silicon
center.

oth the electron donating and the electron withdrawing su stituents (Entr

4 respectivel ) showed compara le selectivit
then Ph SiCl (Entr 1).
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and

actors, although oth were less selective

Table 3.4 Enantioselective sil lation o ()-4-chromanol with 2.12a

The isothiourea catal sts Homotetramisole (3.7)

1,

and enzotetramisole (3.8)

have een shown to e ver e ective ac lation catal sts or the enantioselective ac lation
o secondar

alcohols.

These isothiourea compounds have also

een shown to

superior enantioselective catal sts to 2.12 or enantioselective ac lation.

1,

e

To see i a

similar up ield shi t to that seen or the 2.12 sil lchloride comple es anal zed thus ar,
these catal sts were also reacted with Ph SiCl and anal zed

1

H-29Si gHSQC NMR to

determine i a tetravalent species orms. In addition to 3.7 and 3.8, the Lewis asic
compounds

-meth limidazole (3.9) and HMPA (3.10) were also reacted with Ph SiCl.

In an attempt to orce a pentavalent species, tetra ut lammonium chloride (3.11) was
reacted with Ph SiCl.
When 3.4 was reacted with Ph SiCl, three resonances were o served

1

H-29Si

gHSQC (Table 3.5, Entry 1). The resonance furthest downfield at 1.5 ppm ( Si) and
.64 ppm (1H) most likel is unreacted Ph SiCl (Entr 6). The resonance urthest up ield
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at -1 .

ppm( Si) and

ppm (1H) is within error o the peak location o

.

he aphen ldisilo ane (Entr

). The resonance at -4. ppm ( Si) and .

ppm (1H)

does not correlate to h drol sis side products and shows a lesser up ield shi t relative to
the 2.12 Ph SiCl comple (Ta le . , Entr 1), ut this can still correspond to a reactive
tetravalent Ph SiCl comple . When Ph SiCl was allowed to react with enzotetramisole
(3.8), three resonances were o served (Table 3.5, Entr
e unreacted Ph SiCl at

.60 ppm (1H), and what ma

.4 ppm ( Si) and

he aphen ldisilo ane at -16.

). Once again there appeared to

ppm ( Si) and

e

ppm (1H), although the silicon

.

resonance is more than ± .0 ppm and ma correspond to new silicon species. The
resonance at -10.4 ppm ( Si) and .66 ppm (1H) does correspond to a new silicon species
that is nearl identical in magnitude to the 2.12 Ph SiCl comple . The achiral Lewis ase
-meth limidazole (3.9) and other
oth

tetravalent

sil lchlorides.

4,

4

and

-su stituted Lewis ases have een known to orm

h pervalent

silicon

comple es

with

several

di erent

When 3.9 was added to Ph SiCl, the onl peak that was o served was

a single resonance at -1 .0 ppm ( Si) and . 0 ppm (1H) which again ma indicate a
tetravalent silicon species (Entr

). The question o whether He ameth lphosphoramide

(HMPA, 3.10) orms a tetravalent o pentavalent species with Ph SiCl has een studied
e ore

the Corriu group. It was reported that when 3.10 is reacted with Ph SiCl in

he anes, a white solid precipitates rom solution.

6

To determine whether or not the

resulting precipitant is a tetravalent or pentavalent silicon species, the Corriu group
per ormed conductivit studies on the 3.12 Ph SiCl compound in CH Cl to determine
whether the product was a h pervalent species or an ionic compound. The measured
conductivit was less than what would e anticipated or an ionic (tetravalent) species.
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This led the authors to conclude that the species which was ormed was a h pervalent
silicon comple and not ionic in nature.

6

However, in a later stud

the

assindale

group it was shown that compounds with relativel small up ield shi ts (suggesting a
tetravalent silicon species) can give low conductivit

measurements (which would

suggest a h pervalent silicon species). To e plain these potentiall contradictor results,
the authors suggest that in solvents o low ionizing potential, such as CH Cl , an ionic
compound would give a lower conductivit measurement due to a tight ion pairing.
There ore, 1H-29Si gHSQC NMR anal sis o the 3.12 Ph SiCl comple was per ormed to
determine whether the conclusions drawn
group can e supported

the conductivit results done

the Corriu

M , or i what was o served was a tight ion pairing o a

tetravalent intermediate, the 3.12 Ph SiCl comple was ormed and anal zed. When
anal zed

1

H-29Si gHSQC NMR, there were two Si resonances (Entr 4), one at - .4

ppm ( Si) and .61 ppm (1H) and another at -1 .1 ppm ( Si) and .6 ppm (1H).
either o these results correspond strongl to either Ph SiCl or h drol sis products
(Entries 6- ). However, neither o this silicon species show signi icant up ield shi ts to
e indicative o pentavalent silicon ormation. When tetra ut lammonium chloride (3.11,
Entr
and

) was added to Ph SiCl, the resulting signal was shi ted up ield to -1 .4 ppm ( Si)
. 1 ppm (1H).

It is unclear i this value represents a dichloro– su stituted

pentavalent silicon compounds since the Ph SiH (3.4) and Ph SiF (3.6) species are
reported to give Si resonances at - 4 ppm41 and -111 ppm4 respectivel . Also, due to
the presence o an unreacted Ph SiCl in the

Si

M

spectrum represented

the

resonance at 1. ppm ( Si) and .6 ppm (1H), the possi ilit o a ast equili rium
etween a penta- and tetravalent species can e ruled out as onl a single, averaged peak
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would e o served i a rapid equili rium was present. Most this is suggests that what is
eing o served is a more complicated silicon species that is in solution.
From the 1H-29Si gHSQC NMR studies, it was observed that none o the
nucleophiles studied or an o the sil lchlorides anal zed gave results that would indicate
pentavalent silicon ormation.

altering the sterics and electronics o the Ar SiCl, there

was no evidence that an o these derivatives ormed a pentavalent species with all o the
potential comple es eing shi ted up ield no more than 0 ppm.

ucleophiles that have

een reported to e more nucleophilic than 2.12 such has homotetramisole (3.7)
ound to onl give a new silicon species that was shi t a out

were

ppm up ield rom Ph SiCl

suggests that more nucleophilic isothioureas ma not e capa le o orming a pentavalent
silicon species. The same was also o served or the less nucleophilic catal st 3.9 which
onl gave a single

29

Si resonance that was shifted approximately 21 ppm upfield from

Ph SiCl.
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Table 3.5. 1H- Si gHS C M anal sis at nucleophiles

C o comple es ormed with di erent

3.2.4 Conclusion
The results reported herein represent our initial pro e into the mechanism o the
enantioselective sil lation using the Lewis ase catal st (-)-tetramisole (2.12). It was
o served that upon addition o (-)-tetramisole to Ph SiCl a moisture sensitive solid
precipitates. Upon anal sis o this solid
o the

solid state MAS- Si- M , the up ield shi t

Si resonance strongl suggests that the solid is a tetravalent salt. In solution, a

nOe-di erence anal sis shows a positive nOe etween the ortho ar l protons o Ph SiCl
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and the methine protons o (-)-tetramisole. These nOe-di erence results com ined with
the large di erence etween the ortho ar l protons o the 2.12 Ph SiCl comple and the
potential h drol sis products, Ph Si−OH and he aphen ldisilo ane (HPDS), o served
1

H- Si gHS C

M

indicate that a tetravalent silicon species is present in solution as

well. There ore, the data presented leads us to suggest that the active sil lating reagent
or the enantioselective sil lation reaction is an ionic tetravalent silicon species. When
used as a stoichiometric chiral reagent, the 2.12 Ph SiCl comple was ound to catal ze
the kinetic resolution o ()-4-chromanol with a slightl enhanced selectivit
with lower conversion.

actor, ut

When the electronics and steric environment o the ar l

su stituents on silicon were altered

s nthesizing triar lsil l chlorides with electron

donating, electron withdrawing, and pt u groups, a similar up ield shi t was o served or
all o the su sequent comple es when compared to the 2.12 Ph SiCl comple . When
tested in the kinetic resolution o ()-4-chromanol via enantioselective sil lation

(-)-

tetramisole, the more stericall demanding (pt uC6H4) SiCl showed superior selectivit
when compared to Ph SiCl, ut gave a diminished conversion.

oth (p rC6H4) SiCl and

(pH COC6H4) SiCl reacted aster than the (pt uC6H4) SiCl, ut gave similar ut slightl
lower selectivit

actors than even Ph SiCl. These indings suggest that the electronics o

the ar l groups attached to silicon pla a minor role in in luencing the selectivit

actor o

the enantioselective sil lation reaction. However, it appears that increasing the sterics o
the su stituents attached to the ar l groups located at silicon will greatl enhance the
selectivit

actor, ut will slow the rate o the kinetic resolution down considera l .

Furthermore, we have shown that other isothioureas and Lewis ases give chemical shi ts
compara le to a tetravalent silicon compounds with Ph SiCl. Although there appears to
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e no chemical shi ts in the ar up ield region that is t pical o h pervalent silicon
species, the e istence o such a species elow the limits o detection

Si

M

remains a possi ilit .

3.3 Determining the existence of a single propeller conformation of silyl ethers by
circular dichroism
With the

M

studies suggesting that the reactive sil l intermediate is a

tetravalent species, studies could then e per ormed to answer the question o how the
trans er o chiralit can occur (Figure . ). To get enantiodiscrimination, the incoming
alcohol would seemingl need to e near the chiral environment that is part o the sil l
species during alcohol sis. However, since the sil l trans er would most likel proceed
via a Walden inversion similar to an S

t pe mechanism, the most direct means

which to accomplish this would e i the aromatic rings attached to silicon were arranged
in a chiral ashion (Figure . ). This could e possi le i the aromatic rings were
arranged in a “screw propeller” t pe o con ormation. The main requirement or this t pe
o con iguration eing the possession o a central atom with at least two radiating ar l
rings twisted to orm part o a helical sur ace. Furthermore, the ar l rings must e
twisted in the same direction, there ore the propeller would e chiral.

Figure 3.9 Presumed nucleophilic attack of the chiral alcohol.
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,

The potential or a rigid propeller arrangement o the phen l rings o Ph SiCl
would e impossi le as the aromatic rings attached to silicon have een ound to undergo
a rapid interconversion etween propeller con irmations due to a low arrier o inversion
(Figure . ).60 The racemization mechanism or triar l methane species61 should appl to
Ph SiCl, however, due to the ond length o silicon, the inversion arrier should e even
lower in energ than the corresponding car on analog. For e ample, it has een o served
that the ring rotation arrier o Mes CH (C−Mes

1.

Å6 ) is appro imatel

0 kcal.

When the central car on atom is replaced with a tin atom, the ond length rom the
central atom to the mesit l groups is elongated (Sn−Mes

.14 Å6 ) and the calculated

ring rotation arrier is lowered to - kcal. It is assumed that a similar trend would occur
when comparing Ph CCl (C−Ph

1.

Å60) to Ph SiCl (Si−Ph,

Figure 3.10 Ph SiCl undergoes a rapid interconversion
con ormations.

1. 6 Å60).

etween helical propeller

Despite the rapid interconversion etween the helical propeller arrangements o
the trit l group, it has een shown that

attaching a chiral ligand to the central car on

atom, the resulting diastereomers will assume a single helical con ormation (Figure
.11).64,

6

There ore, when 2.12 is attached to Ph SiCl, this ma cause the propeller

arrangement to lock into a single con ormation. This ma also e plain how 2.12 can
cause the enantioselective sil lation o racemic alcohols, since the alcohol will have to
pass through the chiral arrangement o the ar l groups (Figure .1 ). Presented will e
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the initial studies into the potential to cause a pre erence or a single helical arrangement
around Ph SiCl

attaching chiral ligands. Due to the helical con ormation o such a

molecule, the compound would there ore lend itsel well to stud
(CD) spectroscop .
polarized light.

circular dichroism

CD measures to what degree a compound a sor s circularl

In particular, i

the chiral compound is arranged in a helical

con ormation, there will e the appearance o a Cotton e ect (which occurs when a chiral
center is near a chromophore and is o served at a wavelength near the compound’s λma )
which would allow or eas con irmation o such a chiral arrangement.

Figure 3.11 By attaching a chiral ligand to Ph3SiCl, it may be possible to get a single
helical arrangement of the phenyl groups.

Figure 3.12 The proposed origin of enantiodiscrimination for the enantioselective
silylation of secondary alcohols with 2.12 and Ph3SiCl.
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The concept o using a chiral ligand attached to the center atom o a propeller to
orce a single con ormation o the ar l rings has een tested e ore. This concept was
investigated

the Gawronski group in which a series o chiral alcohols were derivatized

with a trit l ether protecting group.64 The resulting overall helicit was then anal zed
CD spectroscop and compared to calculated results. One conclusion rom this stud
was that the steric environment surrounding the chiral center o the resulting ether can
a ect the direction o the attached ar l groups. It was calculated that onl two o the
three ar l rings were arranged in a helical propeller while the third ring intersected the
central plane o the propeller ( or some e amples see Figure .1 ). This e ect was
o served even when the di erence o steric ulk etween the su stituents was as small as
(S)- - utanol (3.12). The opposite con iguration o the ar l groups was o served when
the stereocenter was changed rom S to

as in 3.13. Interestingl , the opposite e ect

was o served when ( )-endo- orneol was derivatized (3.14).

The o served result

suggested that the ar l rings were in the con ormation that would e consistent with an S
alcohol. This is e plained

a long distant steric e ect caused

the gem-dimeth l

su stituents on the ridge (C ) car on.

3.12

3.13

3.14

Figure 3.13 Three representative chiral trit l ethers and the reported ar l con iguration64
Although the work descri ed

the Gawronski group la s the oundation or the

possi ilit that catal st 2.12 could orce a similar enantioselective e ect in Ph SiCl, the
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elongated Si−ar l ond relative to that o the trit l analog ma prove to e too long or
2.12 to have much e ect on the helicit o Ph SiCl. To test whether or not a chiral
molecule could a ect the ar l con ormation o Ph SiCl, analogous compounds to those
studied

the Gawronski group were prepared (Figure .14). Among the derivatized

compounds tested were the ( )−(L)−menthol (3.15), (S)-endo- orneol (3.16), and (S) and
( )-4-chromanol (3.17 and 3.18 respectivel ).

Figure 3.14 Ph3Si− derivatized sil l ether compounds anal zed via CD spectroscop .
Once compounds 3.15-3.18 were prepared, the compounds were dissolved in
either a 1% or 10% pentane in c clohe ane solution.

ecause all o the studied

compounds showed CD a sor ance in short wavelengths, this speci ic solution was
chosen due to the low UV a sor ance o c clohe ane.

However, due to the low

solu ilit o the compounds in c clohe ane, pentane was added to aid in the dissolving o
-5

the compound. Once dissolved to a inal concentration o appro imatel 8.0x10 M, the
samples were anal zed in a 1 mm path length, strain ree, quartz cell. The concentration
was chosen to give the ma imum a sor ance without reaching a high tension (HT)
voltage >600. Once high tension voltage reaches >600 the detector ecomes saturated
and alse signals can occur.66

The choice o cuvette was made to minimize UV

a sor ance while a 1 mm pathlength was chosen so a higher concentration o sample can
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e used to ma imize an o served Cotton e ect while minimizing HT voltage. All
reported spectra was processed

using 1 point Savitz -Gola smoothing.6

Compound 3.15 was shown to give a positive then a negative Cotton e ect
(recogniza le

a positive peak at the longer wavelengths which then crosses the zero

rotation a is to give a negative peak at a short wavelength) (Figure .1 ). This CD
pattern is similar to what was o served or trit l ether compounds with an ( )
con iguration at the chiral center o the alcohol.

oteworth is that the most prominent

peaks o the CD spectrum are lue shi ted relative to the corresponding trit l ether. This
could e due to the lesser angle o the pitch a is o the propeller, itsel a result o the
longer C−Si ond.

-5

c = 8.04x10 mol/l
b = 0.1 cm
1% pentane in
cyclohexane

Figure 3.15 The acquired CD spectrum o 3.15 showing a Cotton e ect.
When the (S)-endo- orneol sil l ether (3.16) was anal zed (Figure .16), a similar
cotton e ect was o served was a negative Cotton e ect. Which is a similar Cotton e ect
to was o served

the Gawronski group. The o served Cotton e ect or 3.16, was

smaller in magnitude than 3.15. This could e due to the smaller pitch a is o the
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triphen lsil l ether as a result o the longer Si−C ond.6 However, the Cotton e ect was
also lue shi ted to what was o served

the Gawronski or analogous trit l ether

compound.64
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Figure 3.16 The acquired CD spectrum o 3.16
One o the su strates which gave the est selectivit

actor when su jected to the

enantioselective sil lation reaction, 4-chromanol, was sil lated with Ph SiCl. Then oth
the sil lated and unsil lated alcohol was anal zed

CD spectroscop (Figure .1 ). It

was o served that the triphen lsil l ether o (S) and ( ) chromanol were ound to give
Cotton e ects.

However, all o the compounds presented thus ar do not possess

chromophores, there ore the unsil lated compounds o the previous sil l ethers cannot
have a Cotton e ect. The unsil lated alcohol, 4-chromanol, however does possess a
chromophore and due to the chiral center’s pro imit

to the chromophore, ( )-4-

chromanol was ound to cause a Cotton e ect. When the sil lated and unsil lated
material was anal zed, oth compounds caused a Cotton e ect. There ore, the CD
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anal sis o 4-chromanol alone does not con irm a single helical arrangement o the sil l
ether aromatic groups.
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Figure 3.17 The acquired CD spectrum o 3.17 & 3.18.

3.4 Studying the propeller conformation of silylether compounds in the solid state
To gain urther insight into whether or not a single helical con ormation can e
locked

2.12, the triphen lsil l ether compounds were anal zed

single cr stal -ra

anal sis.

When (S)-endo- orneol (3.16) was cr stallized, it was o served that two

cr stals cr stallized rom solution and these cr stals were ound to

e chemicall

identical ut con ormationall distinct. It was ound that these two cr stals were the two
helical con ormations o the Ph Si moiet

o the sil l ether (Figure

in ormation com ined with the CD results suggest that 3.16 ma

.1 ).

This

e ist as a single

diastereomer in solution, ut in the solid state oth orms are similar in energ and
cr stallize to the same e tent. There is also the possi ilit that a ratio o the two
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propellers can e ound in solution ut one is strongl

avored and this unequal ratio

causes the o served Cotton e ect.

Figure 3.18 The two cr stal structures isolated rom 3.16 showing oth potential helical
con ormations o the sil l ether group.
Also studied

single cr stal di raction was the triphen lsil l ether o (S) and

( )-chromanol (3.17 and 3.18 respectivel ).

However, when 3.17 and 3.18 were

s nthesized individuall and cr stals grown o these compounds a di erent ehavior was
o served than that o 3.16. For the 4-chromanol derivatives, onl a single cr stal was
ound in oth cases, not two distinct cr stals such as or 3.16. There ore, onl a single
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diastereomer o the triphen lsil l ether o (S) and ( ) 4-chromanol orms in the solid
state. More importantl , the sil l ethers were in a propeller con ormation and 3.17 and
3.18 were ound to e o opposite helicit (Figure 3.19).

3.17

3.18

Figure 3.19 The onl cr stal structures o tained rom 3.17 and 3.18
Future work will include the ormation o 2.12 sil lchloride comple es or stud
CD. Attempts at anal zing the 2.12 Ph SiCl comple were unsuccess ul due to poor
solu ilit in pentane:c clohe ane solutions. Due to the reproduci le occurrence o a
small up ield shi t in the

Si resonance (there ore indicating that all sil lchloride

comple es studied thus ar orm tetravalent silicon comple es), orming more solu le
2.12 sil lchloride comple es ma

e a via le option to determine whether or not a Cotton

e ect is present. Alternativel , using an Ar SiCl derivative (such as naphth l containing
sil lchlorides) which would a sor at a longer wavelength than Ph SiCl would allow or
the use o more polar solvents with slightl higher UV cut o (such as acetonitrile) could
e used.
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3.5 Conclusion
To etter understand the mechanism o the enantioselective sil lation that was
descri ed

the Wiskur group,

1

H and

dichroism (CD) studies were per ormed.

Si− M
The

M

as well as preliminar

circular

studies were per ormed on an

intermediate which precipitated out o solution upon the addition o (-)-tetramisole (2.12)
to Ph SiCl in THF.

1

H

M

anal sis (in CD Cl ) o the solid when compared to 2.12

showed a slight ut signi icant down ield shi t o the ic clic ring protons o 2.12. This
suggests that 2.12 was coordinated to a slightl Lewis acidic compound, and integration
o the protons and their location down ield suggests that the protons are ar l protons.
This is what would e e pected i the isolated intermediate would e Ph SiCl directl
coordinated to 2.12.

The intermediate itsel was then isolated and added as a

stoichiometric sil lating reagent to per orm a kinetic resolution o racemic 4-chromanol.
The resulting selectivit
intermediate was

actor was compara le to what was o served when the sil lating

ormed in situ, while the h drol sis products (Ph Si−OH and

he aphen ldisilo ane) gave little conversion. This suggests that the isolated intermediate
was the reactive si lating species and urther anal sis o this compound could give etter
insight into the mechanism o the enantioselective sil lating reagent. Furthermore, an
nOe was o served etween the methine proton on 2.12 and what would e the ortho ar l
protons on an attached Ph SiCl.
With what is elieved to e the reactive sil lating intermediate isolated, the ne t
question o what the coordination state o silicon was investigated ne t. The most direct
method to determine what the valenc o silicon is in the isolated intermediate species is
Si– M

anal sis.

This is

ecause o the signi icant up ield shi t o silicon
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resonances or penta and he avalent silicon species relative to tetravalent silicon
species.

1, 6,

However, what was o served was onl a slight up ield shi t in the ppm o

2.12 Ph SiCl intermediate rom the ppm o Ph SiCl (+ . ppm or Ph SiCl to -11. ppm
or the 2.12/Ph SiCl comple ).

This suggests that the isolated intermediate was a

tetravalent silicon species. When compared to Ph Si−OH and he aphen ldisilo ane, the
Si resonances were airl similar to the isolated species, however, when anal zed
1

H- Si gHS C M techniques, the 1H- M resonances were signi icantl di erent so

as to e clude the potential h drol sis side products rom eing the measured silicon
resonance or the 2.12 Ph SiCl comple . It was also o served that
concentration o 2.12 in solution, there was no o serva le change in the

increasing the
Si-resonance;

this suggests that there is no equili rium present etween the tetra- and pentavalent
species. When other ar l sil lchlorides were s nthesized and treated with 2.12 similar
shi ts were also o served suggesting that a tetravalent species was also present in their
o served resonances as well.
Si-Magic angle spinning solid state nmr ( Si SS M ) was also per ormed on
the isolated solid and this gave similar results to what was o served rom the condensed
state,

Si gHS C

M

anal sis. The isolated compound was signi icantl di erent

rom the h drol sis compounds and unreacted Ph SiCl to suggest that in the solid state
what was o served was not the precipitation o a h drol sis product or protonated 2.12.
The solid state results in com ination with the condensed state studies ail to disprove the
tetravalent silicon h pothesis while no clear evidence o a pentavalent species was
o served.
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With a clearer mechanistic picture o the sil lating species, work on determining
how the trans er o chiralit occurs was then initiated. Initial studies were per ormed
testing the h pothesis that the ar l rings were assuming a screw propeller like
con ormation which was locked into a single chiral con ormation

attachment o 2.12.

This is elieved to cause a chiral environment in which the attacking chiral alcohol must
pass through in order to per orm the su sequent alcohol sis o the sil lating intermediate.
To test this h pothesis, a series o chiral sil l ethers were anal zed

circular dichroism

(CD) spectroscop in which the C−O ond o the sil l ether was a chiral center. These
results were then compared to a similar stud

in which chiral trit l ethers were

s nthesized and the potential propeller con ormations were anal zed

CD

spectroscop .64 The o served results suggest that although the C(sp )−Si ond was in
act longer than the analogous trit l ether compounds, there was still enough in luence
the chiral center to give a similar e ect to the previous stud on trit l ethers. Direct
anal sis o the 2.12 Ph SiCl intermediate has een elusive due to the insolu ilit o the
comple in the solvents needed to get accurate measurements in the short wavelengths
the o served Cotton e ect occur. These results are preliminar and urther studies such
as attempting to anal ze chiral amines in luence on the helicit o the triphen lsil l ether
as well as the direct anal sis o the 2.12 Ph SiCl comple

CD.

3.6 Experimental
All reactions were carried out under a dry N2 or Ar atmosphere in oven-dried
glassware and all NMR experiments were performed with oven-dried NMR tubes. Dry
tetrahydrofuran (THF) and hexanes were obtained by passing the previously degassed
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solvents through activated alumina columns into a flask containing activated 4Å
molecular sieves.

Triphenylsilyl chloride was recrystallized from dry, hot hexanes.

Diphen lmeth lsil l chloride (DPMS−Cl), dimeth lphen l sil l chloride (DMPS−Cl),
trieth lsil l chloride (TES−Cl), and tert ut ldimeth lsil l chloride (T DMS−Cl) were
distilled prior to use. CD2Cl2 was dried over 4Å MS, then distilled to a Schlenk tube
containing 4Å MS. Triethylamine (Et3N) and hexamethylphosphoramide (HMPA) were
stirred over CaH2 then distilled prior to use. N-methylimidazole (NMI) was stirred over
Na metal for 3 hours prior to distillation. All chemicals were purchased from major
suppliers such as Alfa Aesar, Sigma-Aldrich, TCI, or Acros. Unless otherwise stated all
reagents were used as received without further purification. 4Å Molecular sieves (4Å
MS) were activated by heating and storage at 170 °C for at least 48 hours prior to use. 1H
NMR spectra were recorded on a Varian Mercury/VX (400 and 500MHz). Chemical
shifts are reported in ppm with either TMS (0.00 ppm for 1H and 13C), CD2Cl2 (CD2Cl2: δ
5.32 and 53.8 ppm for 1H and
(CDCl3: δ . 6 and

13

C respectively), or CDCl3 as the internal standard

.0 ppm or 1H and 13C respectively). Data are reported as follows:

chemical shift, multiplicity (s =singlet, d = doublet, t = triplet, q = quartet, dd = doublet
of doublet, dt = doublet of triplets, dsep = doublet of septet, m = multiplet, br = broad, ur
= unresolved multiplet) and coupling constants (Hz).

13

C NMR spectra were recorded on

a Varian Mercury/VX (100 MHz) with complete proton decoupling. Reactions were
monitored by thin layer chromatography (TLC) using EMD chemicals 60F silica gel
plates. Flash column chromatography was performed on silica gel (32-6 μm). High
resolution mass spectrometry (HRMS) was performed by the mass spectrometry facility
at the University of South Carolina. IR data were obtained on a Perkin Elmer Spectrum
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100 FT-I

AT

spectrophotometer, νmax in cm-1.

All enantiomeric ratios were

determined by HPLC on an Agilent 1200 series using the chiral stationary phases Daicel
Chiralcel AD-H, OJ-H, or OD-H (4.6 ×

0 mm ×

μm) columns, and monitored by

DAD (Diode Array Detector) in comparison with authentic racemic materials. Melting
points (mp) were taken with a Laboratory Devices Mel-Temp and were uncorrected.
Optical rotations were obtained using a JASCO P-1010 polarimeter.

General procedure for the formation of Lewis base/R1R2R3Si−Cl complex and
29

Si−NMR samples

In an inert N2 atmosphere glovebox, to an oven dried 4-dram vial fitted with an ovendried Teflon coated stir was added Lewis base (25.0 mg). The vial was then charged with
1 mL dry THF and to the solution was added R1R2R3Si−Cl (1.0 equiv.). In most cases,
almost instantly, a white precipitant formed. The reaction was then stirred vigorously for
ca. 10 minutes and evacuated to dryness. The vial was then charged with 1 mL of freshly
distilled CD2Cl2. 0.9 mL of the heterogeneous solution was then transferred to an ovendried NMR tube, capped, sealed with parafilm and placed in a desiccator. Due to the
poor solubility of the complexes in CD2Cl2, just prior to analysis, the NMR sample was
centrifuged.
All NMR samples were prepared in a glovebox using oven dried glassware and freshly
distilled deuterated solvents.

Upon preparation of samples, they were placed in a

desiccator until ready to be analyzed.
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General Procedure for the preparation of Ar3Si−OH
To a 4 dram vial fitted with a stir bar was added Ar3Si−Cl ( − mmol). The vial was
then charged with THF (2 mL) then DI water (4 mL), except for (pBuAr)3Si−Cl which
was dissolved in THF then diethyl ether was added until the suspension became
homogenous. The reaction was left to stir for 24 hours. After this time, the reaction was
then extracted with EtOAc (3x, 3 mL). The extracts were then filtered through a pad of
silica gel. The filtrate was then evaporated to dryness and purified by flash column
chromatography (CH2Cl2 to 2% MeOH in CH2Cl2).
Et3Si−OH: 14 .6 mg ( 4%); Also isolated was (Et3Si)2−O: 67.2 mg (26%)
tBuMe2Si−OH:

06.1 mg (4 %)

Ph2MeSi−OH: 1 4.0 mg ( 1%); Also isolated was (Ph2MeSi)2−O: 15.9 mg (6%)
MePh2Si−OH: 1 . mg ( %); Also isolated was (PhMe2Si)2−O: 185.1 mg (78%)
(p-tBuAr)3Si−OH:

mg (4 %)

General Procedure for the preparation of (Ar3Si)2−O
Under a N2 atmosphere was added silanol (0.2-0.4 mmol) and silyl chloride (1.1 equiv.)
to an oven-dried 4-dram vial fitted with a stir bar. To the vial was then charged 2 mL dry
THF. The solution was then treated with DIPEA (1.0 equiv.) then N-methylimidazole
(1.0 equiv.) and the reaction was left to stir for 24 h. The reaction was then quenched
with 3 mL of 1 M HCl, then 1 mL of NaHCO3, then 1 mL brine. The product was then
taken up in diethyl ether (3x, 1 mL). The ethereal layer was then dried over sodium
sulfate, filtered, and evaporated to dryness. The crude was then purified by flash column
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chromatography (silica gel, CH2Cl2; except for [(p-tBuAr)3Si]2−O in which the mobile
phase used was 4:1 hexanes: CH2Cl2 to 1:1 hexanes: CH2Cl2) to give the desired
disiloxane.
(tBuMe2Si)2−O: 3.4 mg (3%)
(Ph2MeSi)2−O: 67.7 mg (53%)
[(p-tBuAr)3Si]2−O: 8.2 mg (15%)

General procedure for the silylation based kinetic resolution of secondary alcohols
using the Ph3SiCl/2.12 complex and desilylation of the isolated products.

In an inert N2 atmosphere in a glovebox an oven dried 1 dram vial with activated 4 Å
molecular sieves (20-25 mg) was fitted an oven dried Teflon coated stir bar. To the vial
was added 2.12 (51.1 mg, 0.25 mmol) and freshly recrystallized Ph3SiCl (73.7 mg, 0.25
mmol). The vial was then charged with 1.67 mL anhydrous THF. The solution was
stirred vigorously for 5 minutes, during which time a thick white precipitant formed.
Then vial was then taped close, fitted with a septum and taped again. The solvent was
then removed under vacuum. The vial was then cooled to -78 °C and the vial was then
charged with 4 . μL o DIPEA then treated with 1 mL o a 0.5 M solution of 4chromanol. The reaction was then stirred vigorously for 4.5 h at -78 °C. The reaction
was then quenched with 1 mL MeOH and poured into a 4-dram vial containing 1.0 mL
sat. aqueous NH4Cl and extracted with diethyl ether (3 x 5 mL), the ethereal layer was
then pushed through a pad of silica gel. The filtrate was then evaporated to dryness and
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purified by silica gel chromatography (4:1 hexanes:CH2Cl2 followed by 2% MeOH in
CH2Cl2). The unreacted alcohol was then analyzed by HPLC with a chiral stationary
phase.

The purified silyl ether was dissolved in 3 mL THF and fitted with a Teflon coated stir
bar. The solution was treated with 1.6 mL TBAF (1 M in THF) and stirred at ambient
temperature for 10 h. The reaction was quenched with brine and extracted with diethyl
ether (3 x 3 mL) and dried over silica gel. After filtration and removal of solvent, the
crude was purified by silica gel chromatography (1:1 hexanes: H2Cl2 to 5% MeOH in
CH2Cl2).
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Spectral data
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Chapter 4. The synthesis and characterization of 2-pyridyl-oxazolidine ligands and
their application as chiral sensors and catalysts

4.1 Introduction
Due to the ever growing demand for enantiomerically pure materials, the
development of novel ligands and organocatalysts has been an area of active research. In
particular, the oxazolidine functionality (Scheme 4.1, (4.3)) has shown much promise as
a chiral ligand for transition metal catalyzed transformations and as organocatalysts in
such reactions as alkylation, alkynylation, Diels-Alder, and Henry reactions.1,

2

This

functionality has a superficial relationship to the more widely used, privileged ligand, the
oxazoline functionality (Figure 4.1, (4.5)). While oxazolines and their use in asymmetric
catalysis has been well documented,3-6 the completely saturated, oxazolidine functionality
has only begun to be explored. The basic 1,3-oxazolidine core is a 5-member ring
containing a hemiaminal carbon. The most common method for the synthesis of this
functionality (Scheme 4.1) is through a dehydration reaction (imine formation) between
an α-amino alcohol (4.1) and an aldehyde or ketone (4.2) (although the development of
alternative methods for the synthesis of this functionality is an area of active research 7, 8).
This synthetic method has the potential for the easy installation of chiral substituents in
the 1,3-oxazolidine product (4.3) via the use of a chiral amino alcohol starting material.
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Scheme 4.1 The most common method for the synthesis of the core structure of the 1,3oxazolidine functionality (4.3) and the open imine form 4.4.

Figure 4.1 The oxazoline funcitonality
The utility of using the oxazolidine functionality as a ligand for asymmetric
catalysis, is due to the presence of up to two chiral centers adjacent to the metal binding
nitrogen center. This interesting ligand topography may be the reason the ligands have
achieved high enantiomeric excess (ee) for a number of asymmetric reactions. 9 Despite
their great potential for use in asymmetric transformations, their potential as asymmetric
catalysts has only just begun to be explored. The paucity of examples is mainly due to
the equilibrium that exists between the 1,3-oxazolidine and imine forms (4.3 and 4.4
respectively), which complicates their isolation and analysis.10 Interestingly, since the
ring closure reaction between the amino alcohol and aldehyde is a 5-endo-trig reaction
and therefore formally disfavored,11 there should be a slow equilibrium between 4.3 and
4.4 on the NMR time scale which would allow for easy identification, however this is
often not the case. Furthermore, complete formation of the oxazolidine from the imine
intermediate seems to depend largely upon the amino alcohol and aldehyde or ketone
used.

Also, the sensitivity of some oxazolidine containing compounds complicates

purification as silica gel can cause degredation.12 Some oxazolidine compounds can also
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be quite moisture sensitive and some compounds containing this functionality have also
been employed as moisture scavengers in industrial applications13 such as ZOLDINE®
MS-PLUS sold by Dow chemical company (Scheme 4.2).

Scheme 4.2 The commercially available moisture scavenging oxazolidine, ZOLDINE®
MS-PLUS and its hydrolysis products.14
Although the aforementioned properties can complicate the synthesis and
characterization of some oxazolidine compounds, these ligands have much potential in
asymmetric catalysis. Therefore, the successful synthesis of an enantiomerically pure
oxazolidine compound which is simple to purify and is not moisture sensitive are key
targets for the preparation of oxazolidines. Apart from their use as organocatalysts or
chiral ligands for metal catalyzed transformations, another application which was
investigated was the application of metal-bisoxazolidine complexes for use as
colorimetric15 sensors. Specifically these complexes were studied for their ability to
discriminate between the enantiomers of chiral alcohols and/or chiral amines.

By

preferentially binding a the analyte (which was a single enantiomer) to the complex, it
was assumed that there would be a noticeable color change when one enantiomer binds to
the complex, or there would be a detectable difference in the UV-Vis spectrum of the
bound complex.
The subsequent metal-oxazolidine and bisoxazolidine complexes presented herein
are to the best of our knowledge unique and their properties were analyzed and crystal
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structures obtained. NMR studies and calculations were performed to determine first
whether the major product is the imine or oxazolidine isomer and the diastereoselectivity
of the formed oxazolidine product. Then when crystallized, the physical properties of the
crystal structures were also analyzed for such physical properties. Then the application
of the metal complexes for use in colorimetric sensing and catalysis will be presented.

4.2 Synthesis and characterization of chiral 2-Pyridyl-oxazolidine (MonOx) and 2Pyridyl-bisoxazolidine (BisOx) complexes
Due to the growing interest in the oxazolidine functionality as a chiral ligand and
organocatalysts, a series of novel bidentate pyridyl-oxazolidine (MonOx) and tridentate
pyridyl-bisoxazolidine (BisOx) ligands were synthesized (Scheme 4.2). The synthesis of
both MonOx and BisOx compounds followed the same general procedure, the focus of
this work is primarily on BisOx and resulting complexes, however MonOx was used as a
simplified system for several of the studies presented. The addition of 2,6-diacetyl
pyridine or 2,6-pyridine carboxaldehyde (4.6 or 4.9 respectively) to (1S,2R)aminoindanol (4.7) in methanol afforded dimethyl-BisOx 4.8 as an oil and BisOx 4.10 as
a white solid. Both of these compounds were difficult to purify by silica gel column, but
did not appear to be moisture sensitive. However, 4.10 was found to be very insoluble in
water and during the course of the reaction 4.10 precipitated from solution with relatively
high purity.

For the synthesis of the MonOx compounds 4.12 and 4.14 a similar

procedure was followed for the formation of the BisOx product, but with 2-acetyl
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pyridine (4.11) to form the methyl-MonOX (4.12) and 2-pyridine carboxaldehyde (4.13)
to form MonOx (4.14), both as oils.

Scheme 4.3 Synthesis of BisOx compounds 4.8 and 4.10, as well as MonOx 4.12 and
4.14.
Apart from the potential that 4.8, 4.10, 4.12, and 4.14 have to form diastereomers
in the ring closed, oxazolidine conforomation, there also exists the possibility that the
majority of compounds exists in the imine form. To determine whether the isolated
compounds are either in the oxazolidine (4.3) form or the imine form (4.4), 1H-NMR
studies were performed.

To simplify the interpretation of the NMR spectrum, the

MonOx derivatives were chosen as analogues for the BisOx compounds. Furthermore,
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due to the stereoelectronic configuration of the product of trans-aminoindanol (4.15) and
the 2-pyridyl derivatives (4.11 and 4.13), the products (4.16 and 4.17) would be unable to
form a ring-closed (oxazolidine) conformation (Scheme 4.4).

This makes these

compounds excellent for studying the potential for imine formation and will aid in
delineating NMR data to determine whether the reaction forms the oxazolidine product or
remains as the imine. Therefore it was determined that the products 4.16 and 4.17 could
act as NMR references for the open ring imine form. The resulting ketimine compound
(4.17) produced from 2-acetylpyridine was found to convert completely to product,
however there was a ratio of approximately 4:1 between the Z and E isomers.(in CDCl3).
Interestingly, the ratio between isomers of the ketimine was found to become a 2.5:1 ratio
after azeotroping off water three times with benzene. When the carbonyl source was
4.13, there was also total conversion to the aldimine (4.16), and there was almost entirely
one isomer of the product, which did not change after azeotroping off any residual water
with benzene.

Scheme 4.4 Formation of the imine product (4.16 and 4.17) by condensation of (1S,2S)trans-aminoindanol (4.15) with 2-acetylpyridine (4.11) and 2-pyridinecarboxaldehyde
(4.13)
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The MonOx products of the condensation reaction with cis-amino indanol and 2acetylpyridine or 2-pyridinecarboxaldehyde (4.11 and 4.13) were also analyzed by 1HNMR. When analyzed in CDCl3, the ketone derived methyl-MonOx compound (4.12)
showed complete conversion of the starting materials (by NMR) and there was a 1:1 ratio
of diastereomers in the oxazolidine product with approximately 25% imine present.16
After using benzene to azeotrope the water that formed as a side product of the
condensation reaction four times, the ratio of diastereomers stayed relatively similar at a
1:1 ratio. When forming the aldehyde derived MonOx (4.13) product and after removal
of water by azeotrope with benzene four times the diastereomeric ratio stayed essentially
the same at a 5.5:1 ratio.
To further aid in determining the preferred conformation of the oxazolidine
compound, computational studies were performed to aid in determining the preferred
stereochemistry of the hemiaminal center. Using the DFT models with the RB3LYP
method and the 6-31G(D) basis set,17 geometry optimization studies were performed. To
simplify calculations, all calculations were performed on the MonOx derivatives. It was
calculated that the difference between the stereoisomers of the aldehyde derived MonOx
(4.14a and 4.14b) was 3.57 kcal/mol in favor of the S,R,R stereoisomer of MonOx
(Figure 4.2). When the methyl-MonOx derivative was modeled (4.12a and 4.12b), the
difference between the diastereomeric isomers was only 2.89 kcal/mol, also in favor of
the S,R,R stereoisomer. With the calculated energy differences for the diastereomers of
4.12 and 4.14 being as great as they are, this should render only a single diastereomer.
However, NMR analysis of the resulting compounds showed a much more even
distribution of diastereomers. One explanation for this deviation is that because the
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formation of the oxazolidine product goes through an imine intermediate (4.4), and the
resulting E:Z ratio of imine isomers plays a role in the distribution of oxazolidine
products, the energy difference between the two isomers of the imine may show a closer
correlation to the observed product distribution. With the NMR data and calculation
studies suggesting primarily a single diastereomer for the MonOx and methyl-MonOx
derivatives, it was decided to move forward with the BisOx and dimethyl-BisOx
compounds for use as ligands and organocatalysts.

Figure 4.2 The two potential diastereomers of the oxazolidine complexes MonOx and
methyl-MonOx.

4.3 The synthesis of novel metal complexes with the dimethyl-BisOx ligand and
their application in the colorimetric sensing of chiral alcohols
The need for colorimetric sensors that can quickly and accurately measure the
enantiomeric excess of a solution is of high importance to the chemical community.
When analyzing the enantiomeric excess of a compound, the usual techniques for
measuring enantiomeric excess (HPLC and GC on a chiral stationary phase), can usually
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be done in less than 5-10 minutes with a high level of accuracy. However, when
analyzing large quantities of chiral compounds, the usual screening techniques for
measuring enantiomeric excess can become prohibitive. Therefore, the demand for a
sensor which can colorimetrically indicate the enantiomeric purity quickly is great.
The initial efforts by the Wiskur group in applying the 1,3-oxazolidine
compounds, BisOx and dimethyl-BisOx, were directed towards the synthesis of a
colorimetric sensor for the determination of enantiomeric excess of chiral monofunctional
amines or alcohols.

The chosen analytes for these potential sensors were chiral

monofunctional amines and chiral monofunctional alcohols.

The choice of chiral

alcohols as an analyte for a chiral sensor was made mainly due to their ubiquity in nature
and as intermediates in the synthesis of natural products.18-21 Despite their abundance,
there are few example of sensors for chiral monofunctional alcohols. The development
of methods for the analysis of monofunctional alcohols via transition metal complexes is
complicated by the poor coordination ability of monofunctional alcohols especially when
compared to analytes with multiple binding centers. For this reason, a sensor of extreme
sensitivity would be needed in order to obtain any selective binding. So far the only
report of a sensor for chiral monofunctional alcohols was by the Anslyn group22 in which
a four component dynamic combinatorial approach is undertaken (Scheme 4.5). By
combining 2-pyridinecarboxaldehyde with Zn(OTf)2 and the bispyridylamine 4.19 in the
presence of a chiral alcohol 4.18 and an acid, the reactive iminium compound 4.20 is
formed which then undergoes nucleophilic addition of the chiral alcohol which forms a
tridentate ligand that readily binds Zn(OTf)2 (4.21). The bound zinc complex 4.21 has a
helical conformation with respect to the pyridyl groups and is active by circular
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dichroism (CD). The helicity is measured (by a characteristic Cotton effect) and is
directly influenced by the chirality of the attached chiral alcohol.

This CD active

assembly allows for the accurate measurement of the enantiomeric excess (ee) of several
secondary monofunctional alcohols. It was reported that the chiral alcohol forced the
formation of a propeller conformation with respect to the ligand.

Scheme 4.5 The four component dynamic combinatorial approach to the formation of
the CD active compound 4.21.
The approach taken by the Anslyn group represents a seminal result in the sensing
of chiral alcohols.

Furthermore, the analytical techniques used allow for a highly

accurate determination of ee using relatively facile reaction conditions. However, it is
hypothesized by the Wiskur group that if a chiral metal-ligand complex could
enantioselectively coordinate a chiral alcohol, there may be enough of an electronic
change to allow for colorimetric discrimination of enantiomers. Also, since this approach
would not necessarily necessitate the formation of a thermodynamically favored
compound (such as 4.21) but simple coordination of chiral alcohols to the metal center, a
colorimetric change could happen considerably faster than was found for 4.21 (the
Anslyn group reported that for near complete conversion to 4.21, the reaction had to stir
overnight).
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To test whether the BisOx ligand can discriminate between enantiomers that bind
to metal centers, the transition metal-BisOx complex 4.22, was synthesized for use as the
sensor. The synthesis of 4.22 proved to be very facile to perform (Scheme 4.6). The
dimethyl-BisOx ligand was synthesized by combining 4.5 and 4.6 in anhydrous methanol
and stirring for 4 hours. The resulting crude dimethyl-BisOx ligand was then treated with
CoCl2 which led to the product 4.22 precipitating immediately in methanol. Purification
was through filtration to give 4.22 as a blue solid. It is also worth noting that the crystal
structure of dimethyl-BisOx confirms what was calculated to be the lowest energy
diastereomer in the methyl-MonOx compound. Also, 4.22 was found to possess a C2
symmetric point group. The C2 symmetry of 4.22 may be beneficial as this symmetry
can lead to facial selectivity between enantiomers of the analyte.

Scheme 4.6 Synthesis of the CoCl2-BisOx transition metal complex and crystal structure
of 4.22. The stereochemistry at C10 and C17 was determined from the known
stereochemistry of C1, C9, C19, and C27.
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With 4.22 in hand, the complex was then tested for colorimetric sensing of chiral
alcohols. Due to the poor solubility of 4.22, the solvent chosen was DMSO. To the
sensor in DMSO was added either the R or S enantiomer of the alcohol analyte. To help
facilitate binding, base (pyridine, Et3N, or iPr2EtN) was added and the solution was
sonicated or heated for 30 minutes. The alcohols tested included the aliphatic alcohols
4.23-4.26, the benzylic alcohol 4.27 and 4.28, as well as the benzylic bicyclic alcohols
4.29 and 4.30 (Figure 4.3).

Unfortunately, there was no reproducible colorimetric

change, even when the analyte was used in over 100 fold excess. Due to this unfortunate
result, it was then decided to change analyte class from monofunctional alcohols to
monofunctional amines.

Figure 4.3 Chiral monofunctional alcohols tested as analytes with 4.22
4.4 The synthesis of novel BisOx-nickel and BisOx-zinc complexes and their use as
sensors for monofunctional chiral amines
Amines, when compared to alcohols, have considerably more Lewis basic
character and could therefore facilitate binding to a sensor to a much greater extent. Due
to the enhanced chemical reactivity inherent in the amine functionality, there have been
several colorimetric chiral amine sensors reported. However, examples of colorimetric
sensors of monofunctional amines are rare.23-32 Of the methods for colorimetric sensing
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of chiral amines that have been reported, a majority of them require a pseudo crown ether
motif to facilitate binding of chiral amines (Figure 4.4). These sensors are believed to
work by the amine forming a hydrogen bonding interaction with the phenolic motif that is
then stabilized by the ether linkages in the pseudo crown ether moiety. This is believed
to lead to a significant energy difference between the diastereomeric complexes, thereby
leading to enantiodiscrimination. One of the major drawbacks of this class of sensors
however is the lengthy synthesis required. An alternative method to the pseudo crown
ether based sensor, that also ameliorates the lengthy synthesis requirements of the other
colorimetric chiral amine sensor types, has been reported by the Anslyn group (Figure
4.5).28 The approach taken by the Anslyn group is through the use of an enantioselective
indicator displacement assay (eIDA). The indicator (in this case, chrome azurol S)
changes color when becoming displaced from the chiral amine ligand-copper complex by
the analyte. The eIDA reported has shown to be efficacious is the sensing of most of the
chiral α-amino acids. Furthermore, this technique has been found to be successfully
applied to high throughput screening techniques offering even greater utility in the
screening of large quantities of asymmetric reaction products.33 However, the sensing of
monofunctional chiral amines has never been reported for the eIDA reported by the
Anslyn group.
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Figure 4.4 Examples of chiral pseudo crown ethers reported for the colorimetric
enantiodiscrimination of chiral amines.

Figure 4.5 The enantioselective indicator displacement assays (eIDA) developed by the
Anslyn group. The indicator, chrome azurol S, is shown in red.
Although there are several successful methods for the colorimetric sensing of
monofunctional chiral amines, there is still room for a sensor that is both easily

242

synthesized and can rapidly detect monofunctional chiral amines. The impetus for the
development o such a sensor is due to the chiral amine’s importance in the preparation
of molecules of interest to academia and pharmaceutical companies. Therefore, although
the dimethyl-BisOx metal complexes failed to successfully discriminate between
enantiomers of monofunctional chiral alcohols, it was determined to test this family of
potential sensors with amines.
To test whether 4.22 can enantioselectively discriminate between chiral amines, a
series of primary, secondary, and sulfonamides (Figure 4.6) were added to the sensor
dissolved in pyridine and either DMSO, CHCl3, or MeOH. Unfortunately, 4.22 was
found to be either incapable of distinguishing between enantiomers, or there was no
change in absorbance between the sensor in the presence of either chiral amine. It was
then decided to perform an extensive screening of metal salts in the presence of chiral
amines and 4.7.

Figure 4.6 Chiral monofunctional amines tested as analytes with 4.22.
Extensive complex formation with a series of transition metals and lanthanides
with 4.7 was performed to test the chiral recognition capabilities of the CoCl2-dimethylBisOx complex. In a 96 well plate the transition metal or lanthanide salt (Figure 4.7 was
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dissolved in MeOH, treated with 4.8 then with the 1-phenylethylamine enantiomers 4.31
or 4.32 and analyzed by UV-Vis spectroscopy. Unfortunately, all of the 4.8 complexes
were found to be incapable of chiral recognition.

Therefore, the ligand 4.8 was

abandoned and a more targeted approach was made to attempt to colorimeterically
discriminate between amine enantiomers. Due to ease of synthesis and purification, the
BisOx ligand 4.10 was chosen as well as more azaphilic metals to form the metalbisoxazolidine complexes.

Figure 4.7 The transition metal and lanthanide salts used with 4.8 in the discrimination
of 4.31 and 4.22 (acac = acetylacetone).
The BisOx ligand (4.10) was synthesized in a similar protocol to that of 4.8
(Scheme 4.3). The resulting product was then easily purified by filtration due to the
insolubility of the product in water. Therefore, anhydrous conditions were avoided to aid
in the precipitant of the desired compound, 4.10. With the BisOx ligand synthesized, the
transition metals nickel and zinc were chosen due to their azaphilicity to form complexes
with 4.10
The first complex which was synthesized with the BisOx ligand (4.10) was with
ZnCl2 (4.43, Scheme 4.8). It is worth highlighting that the crystal structure which was
obtained confirms the stereochemistry of the hemiaminal center that was the lower
energy calculated orientation of the two diastereomers. Also, the complex shows a C2
point group symmetry which may help in discriminating between enantiomers when they
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bind to the metal center. Another point of interest resides in the chiral crystal that was
obtained from 4.43. The interesting structure of the ligand (Scheme 4.8) and the cr stal’s
chirality may lend this complex interesting physical properties.34

Scheme 4.7 Synthesis of BisOx-ZnCl2 complex (4.43) and observed crystal structure.
The stereochemistry of C10 and C16 was determined from the known stereochemistry of
C1, C9, C17, and C25.
In addition to the BisOx-ZnCl2 complex, a BisOx-Ni(OCl4)2 complex was also
synthesized. The synthesis of this ligand metal complex was also straightforward and
proceeded with good yields. The addition of BisOx (4.9) to Ni(OCl4)2 in CH2Cl2 then
stirring overnight allowed the product (4.44) to be isolated by filtration (Scheme 4.8).

245

The crystal structure obtained for 4.44 was found to be the trihydrate of the desired
complex. It is not believed that the water molecules would interfere with analyte binding
so 4.44 was considered suitable for use in sensing of chiral monofunctional amines. The
geometry of the nickel atom of the resulting complex is in an octahedral configuration, as
opposed to the trigonal bipyramidal of 4.22 or 4.33. The geometry of the nickel atom and
its smaller atomic nuclei, when compared to zinc and cobalt, leads to an interesting
twisted conformation of the ligand. It was also observed that 4.44 maintained its C2
symmetry and the resulting stereochemistry of the hemiaminal center is the same as what
was calculated to be the lowest in energy in the case of MonOx (4.14).

Scheme 4.8 Synthesis and isolated crystal structure of BisOx-Ni(OCl4)2• H2O (4.44)
The stereochemistry of C10 and C16 was determined from the known stereochemistry of
C1, C9, C17, and C25.
Attempts at the sensing of monofunctional chiral amines were then performed
with 4.44.

The analytes tested were both aromatic containing (4.45 and 4.46) and

aliphatic amines of various steric bulk (4.47-4.50) and the secondary amine N-α-
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dimethylbenzylamine (4.51 and 4.52) were also tested (Figure 4.8). All attempts to
colorimetrically or spectroscopically discriminate between the chiral amines failed.
Although for most of these amines, there was a colorimetric change (which increased
reproducibly over time), there was no discrimination between the two enantiomers.

Figure 4.8 The monofunctional chiral amines used as analytes with 4.44.

4.5 Application of BisOx as an organocatalyst in the kinetic resolution of secondary
alcohols via enantioselective silylation
Although the BisOx metal complexes were found to lack the ability to
colorimeterically discriminate between enantiomers of monofunctional alcohols and
amines, the 1,3-oxazolidine functionality has also been shown to be effective in
organocatalysis.35

Because of their reported utility in asymmetric reactions, the

dimethyl-BisOx ligand (4.7) was employed as a catalyst for the enantioselective silylation
of monofunctional secondary alcohols.36

Specifically, 4.7 was used in the kinetic

resolution37 reaction described by the Wiskur group38 (Scheme 4.10).

The kinetic

resolution of 1-indanol was catalyzed by 4.7 or 4.11 using the amine base iPr2EtN with
the silyl source of Et3SiCl. The reactions were carried out at -
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C and le t to react or 0

h in the presence of 4Å molecular sieves. It was discovered that the recovered starting
materials was not enantiomerically enriched and only 8% conversion (determined by
HPLC) was observed when either 4.7 or 4.11 was used as the catalyst. It is not clear
whether 4.7 or 4.11 actually catalyzed the reaction or whether the reaction was catalyzed
by iPr2EtN, but the reaction conditions described are not effective for the kinetic
resolution of 1-indanol by enantioselective silylation.

Scheme 4.10 The kinetic resolution of 1-indanol by enantioselective silylation catalyzed
by 4.7 and 4.11.

4.6 Conclusions
Presented was the synthesis and characterization of the 1,3-oxazolidine
compounds: dimethyl-BisOx 4.8, BisOx 4.10, methyl-MonOx (4.12), and MonOx (4.14).
Through calculations and NMR studies it was determined that the desired oxazolidine
compounds do form and that there is a preference for a single diastereomer.
Experimentally, only the oxazolidine ligands derived from 2-pyridinecarboxaldehyde
(4.13) and 2,6-pyridinedicarboxaldehyde (4.9) showed a strong preference for forming a
majority of one diastereomer.
With the oxazolidine compounds in hand the CoCl2-4.8 complex (4.22) was
formed and a series of chiral monofunctional alcohol analytes 4.23-4.30 were added in
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order to see if a colorimetric change was observed by enantioselective binding of the
analytes. The ligand 4.8 was then used with a large quantity of transition metal and
lanthanide salts, to these complexes were also added the chiral amine 4.31, however no
enantiodiscrimination was observed. It was then decided to use more azaphilic metals
and the metal complexes ZnCl2-4.10 (4.43) and Ni(OCl4)2-4.10 (4.44) were synthesized.
The zinc complex 4.43 was found to be unable to colorimetrically discriminate between
the enantiomers of chiral monofunctional amines 4.31-4.42. The nickel complex (4.44)
was also found to be unable to enantiodiscriminate between the enantiomers of chiral
monofunctional amines 4.45-4.52.
The oxazolidine compounds 4.8 and 4.10 were then tested as organocatalysts in
the kinetic resolution of 1-inanol by enantioselective silylation (Scheme 4.10). Although
the oxazolidine catalysts were not successful in resolving the enantiomers, the
oxazolidine compounds are easily synthesized from commercially available starting
material and appear to be stable compounds. For this reason and the topology of the
ligand, the potential for these compounds in other reactions such as zinc alkylations or
cycloaddition reactions.

4.7 Experimental
All reactions were carried out under a dry N2 or Ar atmosphere in oven-dried
glassware and all NMR experiments were performed with oven-dried NMR tubes. Dry
tetrahydrofuran (THF), methanol, dichloromethane, and hexanes were obtained by
passing the previously degassed solvents through activated alumina columns into a flask
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containing activated 4Å molecular sieves. Anhydrous CHCl3 and dimethylsulfoxide
(DMSO) were obtained from Sigma-Aldrich. Triethylamine (Et3N) and iPr2EtN were
distilled over CaH2 prior to use. Pyridine was distilled by Kugelrohr apparatus prior to
use. All chiral alcohols or amines that were liquids were distilled prior to use. All
chemicals were purchased from major suppliers such as Alfa Aesar, Sigma-Aldrich, TCI,
or Acros. Unless otherwise stated all reagents were used as received without further
purification. 4Å Molecular sieves (4Å MS) were activated by heating and storage at 170
°C for at least 48 hours prior to use. 1H NMR spectra were recorded on a Varian
Mercury/VX (400 and 500MHz). Chemical shifts are reported in ppm with either TMS
(0.00 ppm for 1H and

13

C), CD2Cl2 (CD2Cl2: δ .

and

. ppm or 1H and

respectively), or CDCl3 as the internal standard (CDCl3: δ . 6 and

13

C

.0 ppm or 1H and

13

C respectively). Data are reported as follows: chemical shift, multiplicity (s =singlet, d

= doublet, t = triplet, q = quartet, dd = doublet of doublet, dt = doublet of triplets, dsep =
doublet of septet, m = multiplet, br = broad, ur = unresolved multiplet) and coupling
constants (Hz).

13

C NMR spectra were recorded on a Varian Mercury/VX (100 MHz)

with complete proton decoupling.

Reactions were monitored by thin layer

chromatography (TLC) using EMD chemicals 60F silica gel plates.
chromatography was performed over silica gel (32-6

μm).

Flash column

High resolution mass

spectrometry (HRMS) was performed by the mass spectrometry facility at the University
of South Carolina. IR data were obtained on a Perkin Elmer Spectrum 100 FT-IR ATR
spectrophotometer, νmax in cm-1. All enantiomeric ratios were determined by HPLC on
an Agilent 1200 series using the chiral stationary phases Daicel Chiralcel AD-H, OJ-H,
or OD-H (4.6 ×

0 mm ×

μm) columns, and monitored
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DAD (Diode Array

Detector) in comparison with authentic racemic materials. Melting points (mp) were
taken with a Laboratory Devices Mel-Temp and were uncorrected. Optical rotations
were obtained using a JASCO P-1010 polarimeter.

General procedure for the synthesis of 1,3-oxazolidine and 1,3-bisoxazolidine
ligands (4.8, 4.10, 4.12, 4.14).
To a 4 dram vial was added (1S,2S)-cis-1-amino-indanol (4.2) (100 mg, 0.67 mmol) and
either 2-acetyl pyridine, 2,6-diacetylpyridine, 2-pyridinecarboxaldehyde, or 2,6pyridinedicarboxaldehyde (0.67 mmol). The vial was then charged with 20 mL of dry
methanol. The reaction was then stirred for 4h. In the case of the formation of BisOx
(4.10) precipitated from solution as a wet cake which can be collected by filtration then
dried under vacuum.

For the other oxazolidine products, the solution was then

evaporated to dryness and then benzene added (5-10 mL) and evaporated off (3-5x) to
remove residual water.

General procedure for the synthesis of hydroxy imine compounds 4.16 and 4.17
To an oven dried 50 mL round bottom flask was added (1S,2S)-trans amino indanol
(4.14) (80 mg, 0.54 mmol). The flask was then charged with 12 mL dry methanol then
treated with either 2-acetylpyridine or 2-pyridinecarboxaldehyde (0.54 mmol). The flask
was then stirred for 3h then the solvent was removed under vacuum. The oil was then
dissolved in benzene (5-10 mL) then evaporated to dryness (4x) to remove residual water.
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Synthesis of dimethyl-BisOx CoCl2 complex (4.22)
To a 200 mL RBF fitted with a teflon coated stir bar was added 2,6-diacetylpyridine
(1.47 g, 9.0 mmol) and cis-α-amino indanol. The flask was then charged with 50 mL of
dry methanol and stirred for 3.5 h. To the solution was then added CoCl 2 and the
solution was lightly stirred until the solution became homogenous. Then the solution was
left to sit for 1 h, during which time a precipitant formed. The suspension was then
filtered and washed with methanol to give 4.22 as a blue solid (4.23 g, 7.62 mmol).

Synthesis of (S) and (R)-N-benzyl-1-phenylethanamine (4.39 and 4.40 respectively)
Benzaldehyde (2.22 mL, 20.0 mmol) was added to a 25 mL round bottom flask and the
flask was charged with 15 mL dry methanol. To the solution was added (S) or (R)-1phenylamine (2.10 mL, 16.5 mmol) and the reaction was stirred or 0 h. The solution
was then cooled to 0 C and slowl treated with sodium oroh dride (0. 1 g, 1.
mmol). The reaction was then quenched with 1M NaOH until the solution was a pH of
10. The organic layer was then filtered and evaporated to dryness leaving a clear
colorless oil. The oil was stored as the HCl salt which was protonated by bubbling HCl
gas through a solution of the amine in diethyl ether. The resulting salt was evaporated to
dryness, then recrystallized from CH2Cl2:hexanes to give white crystals (0.380 g, 9 %).
The amine is then deprotonated by washing with sodium hydroxide (1 M, aqueous) and
extracting with dichloromethane and evaporating to dryness prior to use.
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Synthesis of (S) and (R)-4-methyl-N-(1-phenylethyl)benzenesulfonamide (4.41 and
4.42 respectively)
p-Toluenesul on lchloride ( . g, 1 .01 mmol) was added to a 100 mL round ottom
lask which was then charged with 0 mL o dr dieth l ether. The lask was then cooled
to 0 C and to the lask was then added triethylamine (1.85 mL, 13.24 mmol). The
solution was then treated with (S) or (R)-1-phenylethylamine and stirred for 15.5 h. The
precipitant was then filtered off and the filtrate was evaporated to dryness. The resulting
solid was then purified by flsh column chromatography (silica gel; 1:1 hexanes:ethyl
acetate) to yield the product as a white solid. (3.15 g, 95%)

Synthesis of dimethyl-BisOx ZnCl2 complex (4.43)
To a 4 dram vial was added 4.9 (50 mg, 0.126 mmol) and ZnCl2 (18.9 mg, 0.139 mmol).
The vial was then charged with 6 mL of CH2Cl2 then stirred for 12 h. Then pentane was
added until the turbidity persisted. The resulting suspension was then placed in a freezer
for 2 h. The resulting precipitant was then filtered and washed with cold pentane to give
an off yellow solid.

Synthesis of dimethyl-BisOx Ni(OCl4)2 complex (4.44)
To a 4 dram vial was added 4.9 (60 mg, 0.151 mmol) and Ni(OCl4)2 (39.0 mg, 0.151
mmol). The vial was then charged with 6 mL of CH2Cl2 then stirred for 16.5 h. During
this time, a green precipitant formed. The reaction was then placed in a freezer for 1 h.
The resulting precipitant was then filtered off and washed with cold hexanes to yield a
green solid (78.1 mg, 79%).
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General procedure for the growth of x-ray quality crystals of 1,3-oxazolidine metal
complexes.
To a 1 dram vial was added a dilute solution (<5 mg sample in 2 mL methanol) of the
ligand-metal complex. The 1 dram vial was then placed in a 4-dram vial charged with 5
mL hexanes. The 4 dram vial was then tightly fitted with a septum and left to crystallize
by slow diffusion.
General procedure for colorimetric discrimination of amine and alcohol
enantiomers with 1,3-bisoxazolidine-metal complexes.
To a 0. dram vial was added 00 μL o a 10 mM solution o sensor in anh drous
solvent. The solution was then treated with 100 μL o p ridine then 0 μL o alcohol or
amine analyte. The resulting solution was then sonicated for 30 minutes and analyzed by
UV-Vis spectrometer in a quartz cuvette.
General procedure for colorimetric discrimination of amine and alcohol
enantiomers with 1,3-bisoxazolidine-metal complexes by 96-well plate.
To a well of a 96-well plate was added 0 μL o a 4 mM solution o metal salt in
methanol. The well was then charged with 1 0 μL o dr methanol then treated with 100
μL o 1 mM

iso azolidine ligand. The solution was then treated with 0 μL o

distilled chiral amine.

Procedure for the silylation based kinetic resolution of 1-indanol with 4.7 and 4.11
To an oven dried 1 dram vial with activated 4 Å molecular sieves (20-25 mg) was fitted
an oven dried Teflon coated stir bar. To the vial was added 1-indanol (30 mg, 0.22
mmol) and either 4.7 or 4.11 (0.067 mmol) then quickly sealed under dry N2. The vial
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was then charged with 1.0 mL THF to generate a 0.3 M solution and the solution was
treated with iPr2EtN ( 1μL, 0.1 6 mmol) and cooled to -78 °C in a crycool apparatus for
about 30 minutes. The cooled solution was then treated with a 1.19 M solution of
Et3Si−Cl in dr THF and le t to react or the 0 h at
quenched with

-78 °C. The reaction was then

0 μL MeOH and poured into a 4-dram vial containing 1.5 mL sat.

aqueous NH4Cl and extracted with diethyl ether (3 x 5 mL), the ethereal layer was then
dried over sodium sulfate. The crude reaction was then analyzed by HPLC with a chiral
stationary phase.
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